AO-AObO  748 
UNCLASSIFIED 


advisory  group  for  aerospace  research  and  development— etc  F/f  tO/6 
optical  fibres,  integrated  optics  and  their  military  APPLXCATIO— ETC(U) 

OCT  77  H HOOARA 

AGARD-CP-219  ml 


|OF^ 

•M. 

*fi)60748 

B 

- 

, y 

1,; 

B 

- • * 

r ' 

• 

i 

- 

4* 

AST 

r 

■V’ 

wr 

«•/ 

1 

d 

.'.h 

1 

- 

J 

- 

□ 

(W 

i * 

V 

* ■ ' ' 

1 

ADA050748 


ICD 

•icj) 

I ( 

m 

5 u i: 

0 


r 

AGARD-CP-219 


ADVISORY  GROUP  FOR  AEROSPACE  RESEARCH  & DEVELOPMENT 


7RUEANCtkL'E  92200  NtUILlY  SUR  SEINE  FRANCE 


AGARD  CONFERENCE  PROCEEDINGS  No.  219 

Optical  Fibres,  Integrated  Optics 
and  Their  Military  Applications 


Edited  by 
Dr.H.Hodara 


D D C 

zoigmE 

MAR  6 1918 


NORTH  ATLANTIC  TREATY  ORGANIZATION 


DISTRIBUTION  AND  AVAILABILITY 
ON  BACK  COVe% 


kt  pobUo  ralacDNi 
Bttoa  QaBmltad 


NORTH  ATLANTIC  TREATY  ORGANIZATION 
ADVISORY  GROUP  FOR  AEROSPACE  RESEARCH  AND  DEVELOPMENT 
(ORGANISATION  DU  TRAITE  DE  L’ATLANTIQUE  NORD) 


AGARD|vonferenc^/^roceeding^|^o.2 1 9 


^ICALj^IBRES,  I|NTEGRATED  ^PTICS 
AND  THEIR  ^ILITARY  y PLICATIONS^ 

Editor;  Dr  H.Hodara 

Tetra  Tech.  Inc. 

630  North  Rosemead  Blvd. 
Pasadena,  California,  USA 


Papers  presented  at  the  Electromagnetic  Wave  Propagation  Panel/ Avionics  Panel  Joint  Symposium 

held  in  London,  16-20  May  1977. 


Hoc  ov  3> 


I 


I 


% 

f 


i 


THE  MISSION  OF  AGARD 
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posture; 

- Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development; 

Providing  scientific  and  technical  advice  and  assistance  to  the  North  Atlantic  Military  Committee  in  the 
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for  the  common  benefit  of  the  NATO  community. 

The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are 
composed  of  experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Program  and  the  Aerospace 
Applications  Studies  Program.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO 
Authorities  through  the  AGARD  series  of  publications  of  which  this  is  one. 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 
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Rapid  developments  in  laser  semiconductors  and  low  loss  optical  fibres  are  responsible 
for  new  applications  in  the  areas  of  communication,  imaging  and  data  transmission  in  general 
Optical  fibres  provide  a high  degree  of  communication  security,  freedom  from  electronic 
interference,  large  length-bandwidth  product,  and  system  miniaturization  through  their  small 
size.  The  combination  of  all  these  features  leads  to  new  concepts  and  unique  applications  in 
military  hardware. 

The  purpose  of  this  conference  is  to  review  and  present  the  latest  developments  in  fibre 
and  integrated  optics,  stressing  their  military  applications  and  emphasizing  the  topics  of 
major  interest  to  the  Avionics  and  Electromagnetic  Wave  Propagation  Panels;  End  Devices, 
Coupling  and  Propagation  Mechanisms,  Optical  Cables  and  Systems. 
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EDITOR’S  INTRODUCTION 


Recent  world  conferences  of  Fiber  Optics  have  been  dominated  by  the  telecommunication 
industry  stressing  telephone  applications.  Unlike  those,  this  meeting  emphasizes  the  develop- 
ment of  complete  systems  and  devices  for  military  applications. 

The  meeting  covers  three  major  areas: 

Overview  and  Complete  Systems;  Session  1 and  2,  respectively 
Integrated  Optics:  Session  3 

Components:  Fiber  Propagation,  Session  4;  Sources  and  Detectors,  Session  5; 
Couplers,  Session  6 

The  outstanding  results  of  the  Conference  are  presented  in  the  Session  Summaries  of 
these  Proceedings.  Among  the  most  promising  developments,  we  note; 

• marine  application  of  optical  fibers  in  underwater  cables, 

• operational  fiber-optic  systems  with  high  data  rate, 

• use  of  large-diameter  wide-bandwidth  fibers  supporting  a few  lower  order  modes. 

• a novel  injection  laser,  capable  of  fine  tuning  and  coupling  into  a single  mode 
fibre, 

• a long-life,  stress-free  double  heterostructure  GalnAsP/InP  diode  laser  operating 
CW,  at  room  temperature,  between  1.10  and  1.31  pm. 
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Review  and  Aaaesament  of  Fiber  Optics  for 
Military  Applications 

By 

Henry  F.  Taylor 

Naval  Electronics  Laboratory  Center 
San  Diego,  CA  92 1 5 2 


SUMMARY 

Component  technology,  system  design  considentions,  and  military  applications  of  optical  fiber  communications  are  reviewed 
in  this  paper. 

The  basic  components  include  optical  transmission  lines,  transmitters,  receivers,  repeaters,  connectors,  and  bus  couplers. 
Characteristics  of  these  devices  which  have  a p.articular  bearing  on  military  usage,  such  as  environmental  and  radiation  effects,  are 
emphasized.  Recent  results  representative  of  the  state-of-the-art  in  component  technology  arc  indicated. 

Factors  which  affect  the  selection  of  components  for  a particular  system  are  discussed.  The  most  important  of  these  are  cable 
length,  analog  or  digital  signal  bandwidth,  system  environment,  reliability  requirements,  and  cost  constraints.  Some  of  the  options 
available  in  selecting  components  to  meet  these  system  criteria  include  compound  glass  or  silica  fibers,  fibers  with  step  index  or 
graded  index  profile,  single  fiber  or  multifiber  cables,  light-emitting  diode  or  injection  laser  sources,  and  PIN  or  avalanche  photo- 
diode detectors. 

Some  of  the  military  systems  applications  which  are  being  actively  pursued  include  digital  point-to-point  links  and  multi- 
terminal busses  for  ships,  aircraft,  and  land  bases,  secure  systems  for  voice  and  video,  tactical  land-line  telemetry  links,  and  undersea 
cables  for  transmitting  sonar  signals.  Some  systems  which  have  been  successfully  demonstrated  are  described.  In  each  application 
area,  the  proven  or  anticipated  benefits  of  using  fiber  optics  are  discussed. 


INTRODUCTION 

The  technology  of  optical  fiber  communications  (which  includes  transmitters,  receivers,  and  connectors,  as  well  as  the  optical 
transmission  lines)  has  evolved  rapidly  during  the  1970’s(Gloge,D.,  1976, Campbell, L.  L.,  1976;Campbell,  J.  R.  and  Bryant,!.  F.,  1977 
Bamoski,  M.  K.,  l976;Personick,  S.  D.,  1975;  DiDomenico,  M.,  1974;  Miller,  S.  E.,  et  al.,  1973;  Maurer,  R.  D.,  1973).  The  most  im- 
portant barrien  which  were  perceived  at  the  beginning  of  the  decade  - the  high  attenuation  of  fibers,  problems  associated  with 
cabling  of  glass  and  silica  fibers,  and  the  reliability  of  injection  laser  light  sources  - have  by  now  been  largely  overcome.  The  empha- 
sis has  therefore  shifted  from  research  to  engineering  and  manufacturing.  Industrial  efforts  in  these  areas  are  accelerating,  as  the 
potential  market  for  components  now  appears  much  larger  than  many  had  anticipated  a few  years  ago.  The  introduction  of  standard 
lines  of  components  and  of  MIL-qualified  components  over  the  next  few  years  can  be  confidently  anticipated.  It  is  also  expected  that 
the  cost  of  components  will  continue  to  drop  fairly  rapidly,  making  fiber  optics  communication  cost-effective  for  an  increasing  num- 
ber of  civilian  and  military  applications. 

This  paper  reviews  the  basic  components,  discusses  system  design  considerations,  and  describes  some  present  and  anticipated 
military  applications  for  fiber  optics  communication. 


COMPONENTS 

The  basic  components  for  fiber  optics  communications  are  the  optical  transmission  Unes,  transmitters,  receivers,  repeaters, 
connectors  and  tplicen,  and  bus  couplers.  The  transmission  lines,  transmitters,  receivers,  and  connectors  are  now  available  commer- 
cially, with  several  manufacturers  for  each  component.  Facilities  for  the  testing  of  components  have  been  assembled  at  several 
military  and  industrial  laboratories.  Strong  efforts  are  underway  toward  standardization  of  military  component  types,  in  cooperation 
with  the  appropriate  industrial  committees. 

Fiber  Optics  Transmission  Lines  (Maurer,  R.  D.,  1973;  French,  W.  G.,  et  al.,  1975) 

An  optical  transmission  line  consists  of  a jacketed  cable  containing  the  fibers,  and  often,  in  addition  to  the  fibers,  strength 
members,  electrical  conductors,  and  additional  material  for  protecting  the  fibers  against  crushing. 

Conceptually,  the  simplest  type  of  optical  fiber  consists  of  a dielectric  cylinder  of  refractfe  index  nj  surrounded  by  a second 
medium  of  index  uq.  A light  ray  entering  the  cylinder  at  an  angle  6 to  the  axis,  in  a plane  containing  the  axis,  will  be  confined  to  the 
cylinder  by  total  internal  reflection  if 

[2  2 
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However,  in  practice,  if  the  fiber  material  is  uniform  and  is  surrounded  by  air,  minute  irregularities  at  the  glass-air  interface  cause 
much  of  the  light  to  be  lost  by  scattering  at  each  encounter  with  the  surface.  The  surface  scattering  problem  can  be  eliminated  if 
the  fiber  conaisti  of  a cote  of  high-index  material  surrounded  by  a cladding  of  lower  index.  The  condition  for  confinement  becomes 

ng  sin  0 

where  n|  and  nj  are  the  core  and  cladding  refractive  indices  and  ng  is  the  index  of  the  medium  in  which  the  incident  ray  propagates. 
(Usually,  this  medium  is  air,  so  ng  ■ 1 .00.)  If  the  cladding  is  several  wavelengths  thick,  the  light  will  propagate  in  the  cote  and  clad- 
ding and  not  contact  the  surface.  Two  important  fiber  parameters  are  the  acceptance  angle  0^,  the  angle  of  the  most  oblique  ray 
which  is  totally  reflected,  and  the  numerical  aperture,  abbreviated  NA,  which  are  given  by 
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sin  flj  = NA 


The  ray-tracing  analysis  of  fiber  propagation  is  accurate  only  in  fibers  which  support  at  least  several  guided  modes.  Only  one 
guided  mode  of  a given  polarization  will  exist  in  a circular,  step-index  fiber  if  v < 2.40S 
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where  a is  the  fiber  radius  and  \ is  the  optical  wavelength  (Snitzer,  E.,  1961 ).  If  (nj  - n2)/nj  ■<  1 , the  modes  arc  essentially  plane 
polanzcd.  For  large  v,  the  number  of  guided  modes  of  a particular  polarization  is  approximately  v^/2. 


The  initial  distribution  of  power  among  the  modes  depends  upon  the  spatial  and  angular  distribution  of  the  incident  light 
beam  In  particular,  an  input  beam  which  propagates  nearly  parallel  to  the  axis  and  fills  the  entire  fiber  core  excites  primarily  low- 
order  modes,  while  a beam  which  propagates  at  a large  angle  to  the  axis  excites  higher-order  modes. 


Power  in  a particular  mode  propagates  along  the  fiber  axis  with  a velocity  Vg,  known  as  the  group  velocity,  which  is  given  by 


where  0 is  the  mode  propagatic  i runstant  and  ui  is  the  radian  frequency  of  the  light  wave.  In  a step-index  fiber,  Vg  decreases  with 
increa.sing  mode  order.  This  is  explained  by  noting  that  rays  incident  at  a large  angle  to  the  fiber  axis,  which  excite  primarily  higher- 
order  modes,  travel  a longer  path  in  the  fiber  than  a paraxial  ray,  which  excites  low-order  modes.  Thus,  the  component  of  velocity 
along  the  axis  is  lower  for  high-angle  rays  (or  high-order  modes).  The  transit  time  tQ  for  a paraxial  ray  is 

to=  n|L/c 

where  L is  the  fiber  length  and  c is  the  speed  of  light  in  vacuum.  The  difference  in  transit  time  At  between  a ray  entering  at  an 
angle  8 and  a paraxial  ray  is 


At  = (n2L/c)|seclsin'*(sin  8/n|)-  I)}  (I) 

Assuming  that  the  incident  cone  of  light  fills  the  numerical  aperture  of  the  fiber,  this  formula  gives  the  pulse  broadening  due 
to  the  difference  in  mode  (or  ray)  propagation  veipcities  ("intermode  dispersion")  expected  from  a temporally  narrow  incident  pulse, 
with  8 replaced  by  8^.  This  behavior  does  not  hold  for  long  fibers,  because  high-angle  rays  usually  suffer  greater  attenuation  than 
paraxial  rays,  and  because  of  mode  conversion.  Mode  conversion  is  caused  by  inhomogeneities  in  the  refractive  index  of  the  fiber  and 
by  bends  in  the  fiber  axis.  For  sufficiently  long  fibers,  it  is  predicted  (Personick,  S.  D.,  1971)  and  observed  (Cohen  and  Personick, 
1975)  that  pulse  spreading  due  to  intermode  dispersion  is  proportional  to  n/L,  rather  than  to  L.  The  transition  from  L toVX  depend- 
ence is  typically  found  to  occur  at  lengths  of  the  order  of  1 km.  A reduction  in  pulse  spreading  by  a factor  of  five  or  more  below  that 
predicted  by  ( I ) has  been  observed  in  long  fibers. 

Intermode  dispersion  limits  the  information  capacity  of  a step-index  multimode  fiber  to  a value  which  is  unacceptably  low 
for  many  wideband,  long  distance  systems.  Intermode  dispersion  can  be  eliminated  by  using  a single-mode  fiber.  Extremely  low 
(<S0  ps/km)  pulse  dispersion  is  possible,  but  the  spatial  and  angular  tolerances  for  coupling  hardware  even  using  laser  sources  are  so 
severe  ('■I  fitn.  ~l  mrad)  that  practical  single-mode  systems  are  still  some  years  in  the  future.  A more  satisfactory  solution,  at  least  for 
the  present,  is  the  graded-index  fiber.  In  a fiber  with  a parabolic  index  distribution,  the  rays  which  must  travel  the  greatest  distance 
in  the  fiber  also  have  a higher  average  speed.  The  net  result  is  that  the  transit  time  for  all  rays  is,  to  first  order,  the  same.  As  a conse- 
quence, pulse  dispersion  for  a graded-index  fiber  with  a nearly-parabolic  profile  in  the  core  is  much  lower  (Cohen,  L.  G..  et  al.,  1975; 
Olshanski.  R.,  and  Keck,  D B.,  1976)  «1  ns/km)  than  for  a step-index  fiber  (~30-50  ns/km  for  NA  ~ 0.15).  Refractive  index  pro- 
files for  step  multimode,  step  single-mode,  and  graded-index  fibers  are  illustrated  in  Fig.  I . 

Another  source  of  pulse  spreading  in  fibers,  known  as  material  dispenion,  results  from  the  fact  that  the  group  velocity 
depends  upon  wavelength  in  any  material  medium.  The  spread  in  group  velocities  for  a light  source  with  a wavelength  spread  AX  is 

avg 

In  fused  silica  at  8000  A,  for  example,  • 9 ps/A.  For  light-emitting  diode  sources,  where  AX  is  relatively  large  (~400A),  material 

oA 

dispersion  can  be  the  dominant  source  of  pulse  distortion  in  graded-index  fibers. 

Step-index  or  graded-index  glass  or  silica  fibers  are  produced  either  by  drawing  from  a preform  or  from  the  melt  using  a 
double  crucible  arrangement.  One  of  the  earlier  preform  techniques  employs  a rod  of  high-index  glass  inserted  in  a hollow  tube  of 
lower  refractive  index.  One  end  of  the  rod  and  tube  is  heated  to  softening  and  drawn  to  a fiber.  The  ratio  of  rod  and  tube  diameters 
is  maintained  in  the  fiber  as  the  ratio  of  core  to  cladding  diameters.  A newer  method  utilizes  ion  exchange  in  a hot  salt  solution  to 
produce  a nearly-parabolic  index  profile  in  a glass  rod  preform,  which  is  subsequently  drawn  into  a graded-index  fiber. 

The  major  innovation  in  low-loss  technology  occurred  when  techniques  for  depositing  a layer  of  higher-index  doped  silica 
inside  a hollow  cylinder  of  pure  silica  were  devised.  A preform  of  this  type  is  then  collapsed  and  drawn  into  a fiber.  The  core  index 
can  be  graded  by  varying  the  concentration  of  the  dopant  as  a function  of  time  during  deposition. 

The  double  crucible  method  employs  an  inner  crucible  containing  high-index  glass  and  an  outer  crucible  containing  glass  of 
lower  index.  The  contents  of  both  crucibles  are  heated  to  melting,  and  the  fiber  material  is  drawn  from  the  two  crucibles  through 
concentric  orifices.  By  providing  a mixing  region  in  which  both  components  are  in  contact  in  the  molten  state,  a graded-index  profile 
can  be  obtained. 
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Finally,  it  is  possible  to  draw  a glass  or  silica  Tiber  of  uniform  composition  from  a preform  or  melt,  and  coat  this  Tiber  with  a 
polymer  or  plastic  of  lower  refractive  index.  Most  commonly,  silica  is  used  for  this  tvpe  of  step-index  Tiber.  These  “plastic-clad” 
silica  fibers  are  presently  produced  less  expensively  than  other  silica  fibers. 

Glass  purification  is  the  key  to  minimizing  optical  absorption  in  fibers.  By  reducing  concentrations  of  transition  metal  and 
hydroxyl  ions  to  a few  parts  per  billion,  fibers  with  losses  of  0.5  dS/km  at  a wavelength  of  1 .05  pm  and  I dB/km  at  0.8  pm  have 
been  produced  (Horiguchi.  M..  and  Osanai,  H.,  1976).  An  attenuation  curve  for  one  of  these  fibers  is  illustrated  in  Fig.  2.  The  losses 
in  those  fibers  are  close  to  the  theoretical  limit  from  Rayleigh  scattering,  which  is  proportional  to  over  the  wavelength  range  from 
If  0.4  pm  to  I . I pm.  Fibers  with  losses  of  less  than  10  dB/km  are  now  produced  in  quantity  by  several  manufacturers. 

The  effect  of  ionizing  radiation  on  fiber  attenuation  is  of  particular  interest  from  the  standpoint  of  military  applications.  It 
has  been  found  that  most  compound  glass  fibers  and  some  doped  silica  fibers  are  quite  susceptible  to  transient  and  permanent  colora- 
tion by  X-rays,  gamma  rays,  and  slow  neutrons  (Evans,  B.  D.  and  Sigel,  G.  H.,  l975.Sigel.  G.  H.  and  Evans,  B.  D.,  1974;  Mattem, 

P L.,  et  al.,  1974.  Maurer.  R.  D.,  et  al.,  1973).  Increases  in  attenuation  of  I dB/km-rad  or  more  at  near-infrared  wavelengths  are 
observed.  Recent  data  inuicates  that  even  pure  silica  and  germania-doped  silica  fibers  are  strongly  affected  at  low  doses  (Sigel,  G.  H., 
1977). 

Glass  and  silica  fibers  in  the  as-drawn  condition  are  generally  very  strong,  with  tensile  strengths  of  several  hundred  thousand 
psi  in  lengths  of  a few  meters.  However,  they  possess  tiny  surface  flaws,  known  as  Griffith  microcracks,  as  a result  of  thermal  stresses 
during  cooling  and  mechanical  contact  with  the  drawing  apparatus.  When  a fiber  is  subjected  to  tension  in  the  presence  of  water 
vapor,  these  cracks  have  a tendency  to  propagate  in  from  the  surface,  causing  the  fiber  to  break  (Maurer,  R.  D.,  1975;  Kurkjian, 

C R . et  al.,  1976).  In  order  to  protect  fibers  against  the  tendency  of  cracks  to  form  and  grow,  polymer  coatings  or  buffers  are 
applied.  Thin  coatings  can  be  applied  by  dipping  as  a part  of  the  drawing  process,  while  thicker  buffers  are  applied  by  extrusion. 
Although  the  strength  of  buffered  fibers  is  now  adequate  for  use  in  some  general  purpose  cables,  further  progress  in  fiber  strength 
is  needed  for  cables  which  are  subjected  to  severe  tensile  loads,  such  as  those  for  undersea  deployment. 

Fiber  bundles,  which  have  been  manufactured  in  large  quantities  for  several  years,  are  adequate  as  transmission  lines  for  some 
short-distance  communications  applications.  These  bundles  typically  contain  a few  hundred  fibers,  protected  only  by  a silicone  lubri- 
cant. and  enclosed  in  a polyvinyl  chloride  (PVC)  jacket.  The  diameter  of  the  optical  surface  for  a commonly  used  variety  is  1.2  mm. 
Losses  are  nominally  quoted  at  500  dB/km  for  these  bundles,  although  at  least  one  manufacturer  routinely  produces  bundles  with 
losses  less  than  l(X)  dB/km. 

As  dictated  by  the  requirements  for  installation  and  use,  it  has  usually  proven  expedient  to  incorporate  the  fibers  into  a cable 
designed  to  protect  them  against  breakage.  In  addition  to  buffered  fibers  and  a protective  jacket,  the  cables  usually  contain  strength 
members  of  Kevlar,  steel,  or  S-glass.  and  some  ilso  incorporate  copper  conductors  for  electrical  power  transmission  and  additional 
material  for  providing  crush  resistance.  The  cabi.ng  operation  is  accomplished  using  equipment  for  producing  electrical  cables,  with 
relatively  minor  modifications.  Cables  for  general  purpose  use  are  now  produced  by  several  manufacturers.  Further  progress  is  needed 
in  high-strength  optical  fiber  technology  before  cables  suitable  for  most  undei  ea  applications  can  be  manufactured  (Wilkins.  G.  and 
Eastley,  R.,  1977,  Putnam.  W.  H.,  1976,  Wilkins,  G.  A.,  1976,  Frieberger,  R.  J.,  1976).  The  cross  section  of  two  types  of  undersea 
cable  designed  for  high  strength  are  illustrated  in  Fig.  3. 

Transmitters 

A transmitter  for  fiber  optics  communications  consists  of  a light  source,  generally  a light-emitting  diode  (LED)  or  injection 
laser  diode  (ILD),  and  an  electronic  driver,  in  a package  containing  suitable  electrical  and  optical  connectors. 

The  lechnology  for  producing  semiconductor  light  sources  has  evolved  rapidly  over  the  past  few  years,  in  part  because  they 
are  the  preferred  type  of  light  emitter  for  use  in  fiber  optics  communications.  The  LED  and  ILD  are  both  pn  junction  diodes  which 
emit  light  generated  by  electron-hole  recombination  when  passing  current  in  the  forward-biased  condition.  The  laser  is  designed  such 
that  a resonant  optical  cavity  is  formed  by  cleaved  surfaces  of  the  crystal,  which  serve  as  mirrors  situated  on  either  side  of  the  recom- 
bination region  In  the  LED,  the  emission  spectrum  is  essentially  that  of  the  spontaneous  emission  of  the  material  modified  by  its 
absorption,  and  typically  has  a spectral  width  of  300-500  A.  In  the  injection  laser,  the  cavity  resonance  causes  substantial  narrowing 
of  the  emission  spectrum  to  a width  of  50A  or  less,  as  well  as  the  improved  directionality  and  phase  coherence  characteristic  of 
stimulated  emission.  Both  LED's  and  ILD’s  have  the  advantages  of  small  size,  liglit  weight,  low  drive  voltage  (~l  .5V),  and  relatively 
, good  power  conversion  efficiency  (1-10%).  In  addition,  both  can  be  modulated  by  varying  the  drive  current  (direct  modulation). 

’ with  cutoff  frequencies  of  I GHz  for  experimental  LED's  (Heinen,  J.,  et  al.,  1976)  and  lasers  (Chown.  M.,  et  al.,  1973).  Cutoff  fre- 

quencies for  commercial  LED's  are  generally  below  50  MHz,  however.  Most  LED's  display  good  linearity  of  output  power  as  a 
function  of  drive  current,  and  in  some  injection  lasers  the  variation  of  power  with  changes  in  drive  current  is  close  to  linear  above  the 
threshold  current  (Dixon,  R.  W.,  et  al.,  1976)  which  marks  the  onset  of  stimulated  laser  emission. 

A mgjor  milestone  in  laser  technology  occurred  in  1970  with  the  announcement  of  the  first  I1.D  to  operate  continuously  at 
room  temperature  (Hayashi,  M.  B.,  et  al.,  1970),  and  another  was  the  introduction  about  2 years  ago  of  a commercial  CW  room  tem- 
perature device.  Operating  lifetimes  of  several  thousand  hours  are  now  routinely  achieved  for  ILD's  under  CW,  room  temperature 
operation,  and  some  manufacturers  expect  that  10^-10^  hours  are  reasonable  goals.  Some  such  devices  have  been  operated  con- 
tinuously at  temperatures  as  high  as  6()-80°C,  but  the  threshold  current  increase  and  operating  life  drops  considerably  at  these 
temperatures.  ReUable  operation  at  the  higher  temperatures  (e.g.,  > 1 25°C)  required  of  most  military  equipment  may  not  be  readily 
obtained.  The  maximum  ambient  temperature  of  an  ILD  transmitter  can,  however,  be  extended  by  the  use  of  thermoelectric  cooling. 

The  great  improvement  in  injection  lasers  has  been  based  upon  the  technology  for  growing  multiple  layers  in  the  gallium- 
aluminum  arsenide  (Ga^AI  |.,(As)  alloy  system  by  liquid-phase  epitaxy  (Panish,  M.  B.,  1975).  By  growing  several  layers  of  different 
doping  levels  and  aluminum  concentration,  it  is  possible  to  produce  “double  heterostructure”  (DH)  devices  in  which  carrier  recom- 
bination occurs  in  a narrow  (<l  lun)  layer  and  the  stimulated  optical  emission  is  also  closely  confined.  One  such  ILD  is  illustrated 
in  Fig.  4.  The  electrical  current  density  needed  to  reach  the  threshold  for  stimulated  emission  in  DH  lasen  is  much  lower  than  in 
conventional  diffused-junction  gallium  arsenide  ILD's.  Lower  current  densitites  mean  less  heating  of  the  material  and  much  slower 
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thcnnal  degradation  of  the  device  properties.  The  same  heterostructure  growth  techniques  have  also  made  it  possible  to  increase  the 
radiance  of  LED's.  High-radiance  LED's  can  be  designed  for  emission  either  perpendicular  (Bumis,  C.  A.,  et  al.,  I97S)  or  parallel 
(Wittke,  J.  P.,  et  al.,  1976)  to  the  junction  plane. 

The  primary  advantages  for  ILD's  over  LED's  for  use  in  fiber  communications  are  improved  efficiency  for  coupling  to  fibers, 
relatively  narrow  spectral  width,  and  wider  modulation  bandwidths.  The  improved  coupling  efficiency,  particularly  for  use  with 
single  fibers  as  opposed  to  bundles,  results  from  the  narrow  beam  divergence  and  the  small  emitting  area  of  the  laser.  The  use  of  a 
narrow  stripe  electrode  for  current  injection  makes  it  possible  to  achieve  beam  widths  of  less  than  20  pm  parallel  to  the  junction, 
while  typical  widths  perpendicular  to  the  junction  are  1-2  pm.  Coupling  efficiencies  for  both  lasers  and  LED's  can  be  improved  by 
the  use  of  a lens  (Wittmann,  L.,  1975),  but  the  improvement  is  generally  greater  for  the  laser  because  of  its  higher  radiance.  For 
coupling  to  single,  multimode  fibers,  losses  in  the  3-6  dB  range  can  be  expected  for  injection  lasers,  and  10-20  dB  with  LED's. 

The  reduction  in  spectral  width  is  important  for  long  distance,  wideband  systems,  and  amounts  to  a reduction  in  material  dispersion 
of  from  3.5  ns/km  for  an  LED  with  400  A spectral  width  to  0.4  ns/km  for  a laser  with  50  A spectral  width  at  a wavelength  near  0.8  pm. 


In  spite  of  the  attractive  features  of  injection  lasers,  LED's  will  also  undoubtedly  be  used  in  many  systems  because  of  their 
lower  cost,  simpler  circuit  requirements,  improved  linear  dyiumic  range,  and  the  possibility  of  continuous  o',>eration  at  low  drive 
currents  at  temperatures  well  in  excess  of  100°C  without  external  cooling. 

Gallium  aluminum  arsenide  ILD's  and  LED's  are  usually  designed  to  have  a central  wavelength  in  the  8000  A - 8600  A range. 

This  fortunately  coincides  with  a low-loss  "window"  in  the  transmission  of  typical  silica  fibers.  However,  even  lower  fiber  losses  are 
almost  always  observed  at  wavelensths  in  the  1 .0-1 .2  pm  spectral  range.  Efficient  ILD's  have  been  produced  in  Ga^ln|.^As  (Mabbitt, 

A W.,  and  Mobsby,  C.  D,,  1975)  and  Gajln|.^ASyP|.y  (Hsieh,  J.  J.,  I“76,  Pearsall,  T.  P.,  et  al.,  1976),  which  emit  in  that  spectral 
range  Reported  operating  lifetimes  for  these  laboratory  devices  remam  lower  than  in  gallium  aluminum  arsenide,  and  silicon  photo- 
detectors  do  not  perform  as  well  at  those  wavelengths.  Nevertheless,  qu  itemary  alloy  ILD's  appear  promising  for  use  in  longdistance 
systems,  as  there  is  good  reason  to  believe  that  long  lifetimes  will  be  re;  dily  achieved  (Wieder,  H.  H.,  1977). 

Digital  and  analog  transmitter  modules  designed  for  fiber  communications  are  now  available  commercially,  both  for  use  with 
single  fibers  and  with  bundles.  These  modules  contain  driving  electronics  as  well  as  an  injection  diode  source  and  are  supplied  with 
optical  and  electrical  connectors.  Although  present  commercial  modules  use  LED  sources,  experimental  vetsions  using  lasers  are  also 
being  produced.  The  digital  modules  generally  use  TTL-compatible  interfaces  and  have  maximum  data  rates  in  the  10-20  Mb/s  range; 
the  analog  modules  generally  have  bandwidths  of  5-10  MHz  for  video  or  4 kHz  for  voice. 

Receivers 

A receiver  for  fiber  optics  communications  consists  of  a photodiode  detector  and  associated  amplifiers  and/or  threshold 
circuits,  in  a package  with  suitable  electrical  and  optical  connectors  (Personick,  S.  D.,  l975;Goell,  J.  E.,  1974;  Bamoski,  M.  K., 

1976) 

Silicon  PIN  and  silicon  avalanche  photodiodes  (APD's),  which  have  been  commercial  products  for  a number  of  years,  are 
presently  the  preferred  type  of  photodetector  for  optical  fiber  communications.  Both  are  operated  as  backbiased  diodes  and  are 
designed  so  that  as  much  of  the  incident  light  as  possible  is  absorbed  in  a region  of  intrinsic  silicon.  The  photo-generated  carriers  are 
swept  out  of  the  intrinsic  region  toward  the  contacts  by  the  applied  field.  In  the  avalanche  device,  electrons  froir  the  intrinsic  region 
enter  a pn  junction  region  with  high  electric  fields  in  which  carrier  multiplication  takes  place,  as  illustrated  in  Fig.  5.  The  electrons 
and  holes  in  this  region  acquire  enough  energy  from  the  field  to  produce  additional  carriers  by  ionization,  so  that  the  avalanche 
device  is  characterized  by  internal  gain. 

Some  of  the  PIN  diodes  will  respond  at  frequencies  to  several  gigahertz,  while  APD's  have  cutoff  frequencies  as  high  as  i 

1 GHz. 

The  sensitivity  of  a receiver,  which  includes  a detector  and  its  following  amplifiers,  is  determined  by  the  efficiency  of  the 
detector  in  converting  photons  to  electrons  (“quantum  efficiency")  and  by  the  various  noise  factors  which  can  limit  the  ability  of  the 
receiver  to  restore  the  original  analog  or  digital  signal.  The  detector  quantum  efficiency  q is  defined  as  the  average  number  of  photo- 
electrons generated  directly  by  the  absorption  of  a photon  (‘‘primary”  photoelectrons)  n^  to  the  average  number  of  incident  photons 

"P- 

9 • "e/np 

For  a detector  with  internal  gain  G,  the  average  number  of  collected  electrons  n^'  is 


In  terms  of  the  incident  optical  power  P,  the  photon  energy  hv,  electronic  charge  e,  and  photocurrent  1,  the  quantum  efficiency  can 
be  written 


q “ hvl/ePG 

Typical  values  of  quantum  efficiency  for  silicon  PIN  photodiodes  are  in  the  80%-90%  range,  and  for  avalanche  photodiodes,  in  the 
30%-S0%  range,  at  wavelengths  near  0.8  pm.  At  0.63  pm.  the  quantum  efficiencies  are  roughly  half  these  figures.  Gains  for  silicon 
avalanche  photodiodes  usually  lie  in  the  50-200  range  for  optimum  performance. 

The  principal  sources  of  noise  which  limit  the  performance  of  a receiver  using  a PIN  photodiode  are  dark-current  shot  noise 
and  amplifier  noise  (including  thermal  noise).  Assuming  that  the  receiver  is  designed  such  that  the  bandwidth  of  the  preamplifier 
equals  the  signal  bandwidth,  the  dark<urrent  noise  is  proportional  to  the  bandwidth,  while  thermal  noise  is  proportional  to  the 
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square  of  the  bandwidth.  Thermal  noise  therefore  tends  to  dominate  at  high  bandwidths  (Z 1 MHz  for  PIN  receivers).  Thermal  noise 
can  be  significantly  reduced  by  using  a high-impedance  FET  preamplifier  with  a bandwidth  substantially  less  than  that  of  the  signal. 
The  signal  is  integrated  at  the  preamplifier  input  and  is  differentiated  after  amplification  to  restore  the  received  waveform. 

In  the  APD  receiver,  the  carrier  multiplication  boosts  the  signal  level  internally,  prior  to  the  preamplifier.  The  increase  in 
signal  level  with  respect  to  amplifier  noise  gives  an  improved  sensitivity  in  the  receiver,  even  though  carrier  multiplication  introduces 
some  additional  noise.  The  net  result,  taking  into  account  the  somewhat  lower  efficiency  of  the  avalanche  device,  is  a 10-20  dB 
improvement  in  sensitivity  for  the  APD  receiver  as  compared  with  one  which  uses  a PIN  photodiode.  A comparison  of  the  perform- 
ance of  well-designed  digital  receivers  using  PIN  and  APD  detectore  (Penonick,  S.  D.,  1975)  is  illustrated  in  Fig.  6. 

Against  this  improved  sensitivity  must  be  weighed  the  disadvantages  of  the  avalanche  photodiode  receiver.  First,  the  device 
must  be  biased  in  the  1 50-400  V range  for  optimum  gain,  and  the  voltage  must  be  compensated  for  ambient  temperature  variations. 
The  PIN  device  needs  only  a few  volts  of  bias  for  optimum  performance  and  need  not  be  temperature  compensated.  The  net  result 
is  that,  even  neglecting  the  cost  of  high-voltage  DC  power  supply,  the  avalanche  receiver  is  several  times  more  expensive  than  a PIN 
receiver  of  a given  bandwidth. 

Receivers  for  fiber  optics  communications  are  sold  commercially,  with  typical  sensitivities  of  -37  dBm  for  a 10  Mb/s  data  rate 
and  an  error  rate  of  10'*,  using  a silicon  PIN  detector. 

Repeaters 


Repeaters  for  optical  fiber  communications  typically  consist  of  a receiver  to  detect  and  amplify  an  incoming  signal,  an  equalizer 
and  signal  regenerator,  and  a transmitter  to  launch  the  regenerated  signal  into  the  next  section  of  transmission  line  (Goell,  J.  E.,  1974; 
Bamoski.  M.  K.,  1976).  Optical  power  gains  in  the  35-60  dB  range  are  typically  needed  to  offset  line  and  coupling  losses  for  a section 
of  the  system.  Digital  repeaters  with  data  rates  as  high  as  800  Mb/s  have  been  demonstrated  in  the  laboratory  (Nawata,  K.,  and  Takano, 
K.,  1976). 

For  either  land  or  undersea  systems,  electhcal  power  for  a repeater  must  usually  be  supplied  through  conductors  contained 
within  the  cable.  Electrical  power  consumption,  which,  for  the  optical  repeater,  includes  power  dissipated  by  electronic  components 
such  as  amplifiers  as  well  as  that  required  to  drive  the  light  source.,  is  an  important  consideration  in  repeater  design. 

Connectors  and  Splicers 

Connectors  for  large  (-1  mm  diameter)  fiber  bundles  have  not  proven  particularly  difficult  to  fabricate,  since  the  mechanical 
tolerances  for  such  connectors  (~0.l-0.2  mm)  can  easily  be  maintained  by  standard  machining  and  casting  equipment.  Those  tolerances 
are  also  compatible  with  those  required  for  standard  electrical  connectors,  and  modified  SMA  if  connectors  are  frequently  used  for 
fiber  bundles.  Pressure-tight  connectors  for  aircraft  bulkheads  have  also  been  produced. 

Field  installation  of  connectors  and  splicing  for  large  bundles  requires  that  the  fiber  ends  be  cemented  or  epoxied  in  a fitting 
and  polished.  Portable  air-driven  repair  kits  for  accomplishing  this  have  been  demonstrated,  but  further  work  in  manufacturing  methods 
for  repair  and  termination  equipment  is  needed.  Typical  losses  for  bundle  splice  connectors,  which  includes  "packing  fraction”  and 
Fresnel  losses,  ate  in  the  nei^borhood  of  3 dB,  with  ±0.2  dB  tolerance  about  this  figure  allowed  for  the  Navy  standard. 

Connectors  for  single  multimode  fibers  (~30-85  pm  core  diameter)  are  considerably  more  difficult  to  produce,  since  the 
mechanical  tolerances  (~S  pm)  are  difficult  to  achieve  with  modem  machine  tools.  One  approach  is  to  lay  the  fibers  end-toend  in  a 
groove  or  other  fixture  which  provides  axial  alignment  and  clamp  them  in  place  by  applying  lateral  pressure  (Dalgleish,  J.  F , and 
Lukas,  H.  H.,  1975).  Special  alignment  fixtures  have  also  been  fabricated  for  use  as  connectors  for  multifiber  cables  (Thiel,  F.  L.,  et  al., 
1974,  Auracher,  F.,  and  Zeitler,  H.  H,,  1976). 

It  is  often  necessary  to  provide  mechanical  termination  of  the  cable  strength  member  at  the  connector  in  order  to  provide  ade- 
quate protection  for  the  fibers.  At  present,  installation  of  field  terminations  or  splices  for  single-fiber  cables  is  more  difficult  and  time- 
consuming  than  would  normally  be  acceptable  in  an  operational  environment. 

Nevertheless,  if  sufficient  care  is  taken,  single-fiber  connections  with  losses  in  the  0.5-1 .5  dB  range  can  be  obtained  repeatably . 
It  is  anticipated  that,  as  standard  cable  configurations  are  more  clearly  defined  and  fiber  diameter  and  core  concentricity  hold  to 
lighter  tolerances,  further  engineering  efforts  and  perhaps  some  novel  approaches  will  yield  improved  cable  connectors  which  are 
amenable  to  simple  amenable  to  simple  installation  and  maintenance  and  to  reliable  operation. 

Bus  Couplers 

The  need  for  special  couplets  to  perform  the  function  of  signal  distribution  is  a unique  feature  of  the  multiterminal  bus.  Two 
generic  types  of  optical  bus  coupler  have  been  proposed  and  demonstrated:  the  "star”  (or  "radial  arm")  coupler  and  "Tee  coupler. 

The  star  coupler  (Hudson,  M.  C.,  and  Thiel,  F.  L , 1 974)  is  an  optical  mixer  which  is  Unked  to  the  terminals  by  sections  of  transmission 
line  in  radial  fashion.  Spatial  mixing  in  the  coupler  causes  a portion  of  the  light  from  each  transmitter  to  be  received  at  every  terminal. 
The  trend  in  star  couplers  for  military  use  is  towards  couplets  with  3, 4,  8,  or  16  ports.  The  optical  Tee  coupler,  on  the  other  l»nd, 
provides  a meant  for  signals  to  be  iitjected  into  and  removed  from  a fiber  optics  trunk  line  at  each  terminal.  Hybrid  systems  utilizing  a 
combination  of  both  generic  types  of  coupler  have  alto  been  proposed. 

From  a systems  standpoint,  the  star  couplets  offer  the  advantage  that  the  lots,  in  dB,  increases  only  as  log  N for  an  N-terminal 
system.  By  contrast,  the  loss  it  proportional  to  N for  a system  using  Tee  couplers.  As  a result,«he  number  of  terminals  which  can 
implemented  without  repeaters  it  much  larger  in  a star  system.  UtUig  availabie  technoiogy,  a star  system  with  over  a hundred  terminals 
can  be  designed,  white  the  present  limit  for  a repeateriess  system  using  Tee  couplers  it  about  ten  terminals.  On  the  other  hand,  the  Tee 
coupter  teems  to  offer  tome  advantages  in  terms  of  cable  cost  and  ease  of  installation  and  maintenance  and  system  modification. 
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Both  star  and  Ter  couplers  have  been  built  for  single-fiber  and  multifiber  bundle  transmission  lines.  One  design  for  the  star 
coupler  uses  a polished  glau  cylinder  with  a mirror  at  one  end  as  the  mixing  block.  Bundle  versions  of  the  Tee  coupler  have  used 
bifurcated  fiber  bundles  (Biard,  J.  R..  and  Shaunfield,  J.  £.,  1974),  branching  glass  structures  (Milton,  A.  F.,  and  Lee,  A.  B.,  1976), 
and  glass  blocks  with  in>emal  mirrors  ( faylor,  H.  F.,  et  al.,  1975)  to  provide  access  to  the  transmission  line.  Tee  couplers  for  single 
fiber  links  have  also  been  made  by  cementing  or  fusing  two  parallel  fibers  together  (Bamoski,  M.  K.,  and  Friedrich,  H.  R.,  1976). 

The  fibers  have  part  or  al)  of  the  cladding  removed  to  promote  efficient  power  transfer,  and  are  separated  at  the  ends  to  provide  four 
coupling  ports.  Branching  multimode  waveguide  structures  (Witte,  H.  H.,  1 976)  and  mechanical  arrangements  for  causing  mode  con- 
version (Jeunhomme,  L.,  and  PochoUe,  J.  P.,  1 976)  have  also  been  u^ed  for  tapping  single  fibers. 

Further  work  is  needed  in  the  coupler  technology  to  meet  requirements  of  future  multiplexed  systems,  but  there  seem  to  be 
no  serious  barriers  to  achieving  efficient  operation  of  either  star  (radial  arm)  or  Tee  couplers  and  systems  based  on  these  approaches. 

SYSTEM  DESIGN  CONSIDERATIONS 

Three  of  the  key  parameters  which  must  be  considered  in  the  design  of  a fiber  optics  communications  link  are  the  length,  sig- 
nal bandwidth,  and  fiber  attenuation.  Connector  attenuation  also  becomes  very  important  if  several  serial  feed-throughs  are  needed. 
As  an  example  of  how  these  parameters  interact.  Table  I gives  the  maximum  allowable  fiber  attenuation  for  a particular  length  of  the 
fiber  transmission  line  and  signal  bandwidth.  It  is  assumed  in  that  example  that  the  receiver  incorporates  a silicon  PIN  photodiode, 
that  the  transmitter  power  level  is  -•'3  dBm,  and  that  a 10  dB  margin  is  allowed  for  coupling,  connection,  and  splicing  losses.  A signal- 
to-noise  ratio  of  30  dB  for  the  analog  signals  and  an  error  rate  of  10'^  for  digital  signals  are  assumed.  According  to  the  table,  attenua- 
tion factors  in  the  500  to  1 000  dB/km  range  for  aircraft  appbeations  ( maximum  distance  approximately  50  m ) and  in  the  80- 1 80 
dB/km  range  for  shipboard  application  (maximum  distance  approximately  300  m)  will  be  needed. 

TABLE  I 


Maximum  fiber  attenuation  (in  dB/km)  for 
various  cable  lengths  and  signal  bandwidths 


Bandwidth  Requirement 


50 

length  (m) 
300 

1000 

4 kHz  analog 

1400  dB/km 

230  dB/km 

70  dB/km 

5 MHz  analog 

800 

130 

40 

2 Mbit/sec  PCM 

1000 

160 

SO 

10  Mbit/sec  PCM 

800 

130 

40 

50  Mbit/sec  PCM 

600 

100 

30 

In  the  transmitters  and  receivers,  superior  performance  is  generally  achieved  with  ILD  sources  and  APD  detectors,  while  cost 
considerations  tend  to  favor  the  use  of  LED  sources  and  PIN  photodiodes.  For  example,  the  power  coupled  into  a fiber  of  NA  ~ 0.2 
from  an  ILD  source  is  0 dB/m  or  greater,  while  if  an  LED  is  used,  the  power  coupled  into  the  fiber  is  of  the  order  of -10  dBm.  At  the 
receiver  end,  the  replacement  of  a PIN  photodiode  with  an  APD  gives  an  improvement  of  10-15  dB  in  the  power  budget  for  the 
system. 

For  long  distance  communications  links,  dispersion  in  the  transmission  line  tends  to  limit  the  signal  bandwidth.  Material  dis- 
persion is  of  the  order  of  3 ns/km  for  LED  sources,  and  only  about  0.4  ns/km  for  typical  ILD’s.  The  intermode  dispersion  is  of  the 
order  of  I ns/km  for  the  better  quality  of  graded  index  fibers,  compared  with  30  ns/km  for  conventional  step  index  fibers  (NA  ° 
0.14),  and  100  ns/km  for  plastic-clad  silica  fibers.  For  longer  distances  (.>1  km),  the  intermode  dispersion  is  less  than  these 
figures  would  indicate,  due  to  mode  conversion.  In  the  examples  given  in  Table  1 , based  on  these  figures,  it  is  seen  that  graded  index 
fibers  would  be  necessary  for  the  50  Mb/s,  I km  system  but  that  either  LED’s  or  ILD’s  could  be  used  in  that  system. 

Environmental  constraints  could  also  have  a strong  influence  on  the  choice  of  components.  For  example,  a requirement  for 
hardness  to  ionizing  radiation  might  affect  the  type  of  fibers  used,  or  a requirement  for  high  temperature  (>80°C)  operation  could 
rule  out  the  use  of  ILD’s  in  some  systems. 

COMPARISON  WITH  ELECTRICAL  SIGNAL  TRANSMISSION 

The  great  majority  of  present-day  military  systems  use  coaxial  or  wire-pair  cable  for  signal  transmission.  These  electrical  trans- 
mission media  have  undeniable  advantages  in  comparison  with  fiber  optics.  First,  a fiber  optics  system  will  have  extra  components  - 
transmitters  for  converting  electrical  signals  to  light,  and  receivers  for  performing  the  reverse  conversion  - and  these  components  can 
increase  the  costs  and  complexity  of  a system.  Second,  terminating  and  splicing  fiber  optics  cables,  particularly  in  single  fiber  sys- 
tems, remain*  a rather  difficult  procedure  which  one  cannot  expect  untrained  personnel  to  perform . Also,  some  types  of  optical  fiber 
are  quite  sensitive  to  ionizing  radiation.  And,  finally,  the  most  important  factor  is  that  the  cost  of  present  fiber  transmission  lines, 
connectors,  transmitters  and  receivers  is  presently  so  high  that,  in  many  instances,  optical  systems  are  simply  too  expensive,  even 
though  the  fibers  might  offer  other  attractive  features  for  use  in  such  systems. 

The  advantages  of  using  fibers  for  communications  have  been  described  many  times.  The  fiber  optics  transmission  line  can  be 
much  smaller  in  size  and  lighter  in  weight  than  an  electrical  line  of  equivalent  bandwidth.  These  attributes  can  translate  into  both 
cost  and  performance  improvements  in  military  systems.  A properly  jacketed  optical  cable  will  neither  emit  nor  pick  up  electromag- 
netic radiation.  This  insures  immunity  from  intercept  to  meet  TEMPEST  requirements,  or  from  pick-up  by  other  transmission  lines 
of  classified  information  being  transmitted  over  the  fiber  optics  cable.  Since  the  fibers  will  not  pick  up  electromagnetic  radiation, 
crosstalk,  interference  (EMI),  and  the  transient  effects  associated  with  electromagnetic  pulse  (EMP)  can  be  reduced  or  eliminated. 

The  electromagnetic  compatibility  (EMC)  of  interconnected  electronic  systems  and  subsystems  is  greatly  enhanced  by  the  use  of  an 
insulating  transmission  medium.  Silica  fibers  can  be  expected  to  survive  Arc  damage  and  continue  transmitting  at  temperatures 
approaching  IOOO°C  (although  the  jacket  material  would  not  survive  at  those  temperatures)  as  cemipared  with  the  300°C  rating  for 
high  temperature  electrical  cable.  Finally,  the  fibers  can  be  used  in  hazardous  areas  containing  flammable  or  explosive  (times  without 
danger  from  electrically  induced  sparking. 
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In  most  cases  life-cycle  costs  will  probably  be  the  deciding  factor  as  to  whether  to  use  fiber  optics  or  electrical  cables.  This  is 
illustrated  by  recent  studies  comparing  the  costs  associated  with  both  transmission  media  to  a given  level  of  system  performance  for 
the  A-7  aircraft  (Greenwell,  R.  A.,  1976;  Uhlhoiu,  R.  W.,  et  tl.,  1976). 

SYSTEMS  APPUCATIONS 

Fiber  optics  is  now  being  given  serious  consideration  for  use  in  a variety  of  military  systems,  including  aircraft,  shipboard, 
mobile  and  fixed  land-based  and  undersea  systems  (Albares,  D.  J.,  et  al.,  1975;  Dworkin,  L.,  et  al.,  1976,  1977).  Examples  illustrat- 
ing the  use  of  fiber  optics  in  each  of  these  types  of  platforms  and  environments  are  given  below,  and  the  rationale  for  using  fiber 
optics  in  each  case  is  discussed. 

Aircraft  Applications 

The  Navy  and  the  Air  Force  have  recently  concluded  tests  to  show  the  feasibility  of  using  fiber  optics  for  signal  transmission 
in  an  aircraft  environment.  The  Navy  test  involved  the  installation  and  flight  testing  of  fiber  optics  links  to  replace  wire-pair  and 
coaxial  cables  in  the  navigation  and  weapons  delivery  system  of  an  A-7  aircraft  (Greenwell,  R.  A.,  and  Holma,  R.  A.,  1977;  Harder, 

R.  D.,  et  al..  1977,  Ellis,  J.  R.,  and  Williams,  D.  N.,  1976).  A total  of  1 1 5 wire  signal  links  were  replaced  by  13  fiber  optic  channels, 

1 2 digital  and  I analog,  carrying  multiplexed  signals.  A block  diagram  of  the  system  is  given  in  Fig.  7,  and  a photograph  of  the  fiber 
optics  hardware  in  Fig.  8.  Fiber  bundle  transmission  lines,  LED  transmitters,  and  silicon  PIN  receivers  were  used.  The  digiul  chan- 
nels used  a retum-to-zero  Manchester  format  with  a maximum  data  rate  of  10  Mb/s,  Special  pressure  bulkhead  connectors  were 
developed  for  and  used  in  the  demonstration.  The  aircraft  was  flown  for  approximately  100  hours  and  all  of  the  weapons  systems  on 
board  the  aircraft  were  demonstrated  using  the  fiber  optics  links.  The  performance  of  the  fiber  optics  was  satisfactory  during  the 
entire  testing  cycle,  and  Navy  technicians  performed  the  nominal  maintenance  required  during  the  course  of  the  program.  Improved 
EMC  and  immunity  from  cross  talk,  EMI  and  EMP  ate  seen  as  the  primary  advantages  for  using  fiber  optics  in  systems  such  as  those 
employed  in  the  A-7  demonstration.  These  factors  enhance  the  ability  to  use  fiber  optics  for  multiplexing  to  reduce  the  size,  weight 
and  space  of  cabling  on  the  aircraft. 

In  an  Air  Force  demonstration  (Biard,  J.  R.,  and  Shaunfield,  J.  E.,  1977;  Stewart,  L.  L.,  1977)  two  wideband  fiber  optics 
links  have  been  flown  on  an  operational  aircraft  for  over  300  hours.  Additional  flight  testing  is  planned.  The  two  data  transfer 
requirements  met  by  fiber  optics  during  these  tests  were  a 30-meter  link  operating  at  160  MHz  carrier  frequency  with  a 20  MHz 
bandwidth  and  a video  link  20  meters  in  length,  operating  with  a 20  MHz  bandwidth.  The  advanUges  of  using  fiber  optics  in  these 
systems  are,  primarily,  improved  bandwidth  and  EMC,  and  reduced  EMI  susceptibility. 

Both  the  Air  Force  and  the  Navy  have  developed  laboratory  models  of  fiber  optics  multiterminal  data  busses.  The  Air  Force 
rmion  operates  at  10  Mb/s  with  eight  terminals,  using  a radial  arm  (star)  coupler  with  a maximum  distance  from  the  coupler  to 
remote  terminals  of  about  30  meters  (Shaunfield,  J,  E.,  1976).  For  the  Navy  data  bus,  eight  terminals  were  demonstrated  with  a 
5 Mb/s  data  rate,  using  optical  “Tee”  couplets  (Altman,  D.  E.,  1975).  The  Air  Force  bus  was  successfully  built  and  tested  to  the 
format  requirements  in  MlL-STD-1 553, 

A final  aircraft  application  being  pursued  is  for  the  Navy  P-3C  weapon  system.  Interfaces  have  been  developed  for  a 10  Mb/s 
intercomputer  channel,  a 30  MHz  video  channel  and  a 40  kHz  acoustic  channel  with  48  dB  dynamic  range.  Maximum  distance  is  of 
the  order  of  10  meters  in  this  system,  so  that  once  again  simple  components  similar  to  those  for  the  A-7  demonstration  can  be  used. 

Shipboard  Applications 

One  of  the  earliest  deployments  of  fiber  optics  on  board  a ship  was  the  six-station  telephone  system  on  board  the  cruiser, 

USS  LITTLE  ROCK  (Eastley,  R.  A.,  and  Putnam,  W.  H.,  1974).  The  remote  terminals  were  connected  to  a central  switching  station 
by  maximum  runs  of  30  meters  of  fiber  optics  bundles,  as  illustrated  in  Fig.  10.  The  rationale  for  developing  this  system  was  to  meet 
TEMPEST  requirements,  and  the  need  for  messengers  to  travel  from  one  compartment  of  the  ship  to  another  to  convey  classified 
information  was  eliminated  by  the  use  of  fiber  optics  in  this  system.  It  was  successfully  deployed  in  the  Mediterranean  for  over 
3 yean. 

A fiber  optics  data  link  interface  to  connect  Naval  Intelligence  Processing  System  (NIPS)  computers  with  various  system 
peripherab  b under  development.  Thb  project  is  designed  to  show  the  feasibility  of  employing  fiber  optics  for  the  transfer  of  high- 
speed digital  data  as  well  as  video  information  in  intraship  communications.  The  fiber  optic  link  connects  several  interactive  display 
terminals,  teletypewriten,  and  line-printen  connected  to  the  multiplexer  unit  in  the  Compartmented  Mode  Processing  System 
(I  MPS).  Fiber  optics  a being  used  here  both  for  improved  bandwidth  and  for  meeting  TEMPEST  requirements  on  board  the  ship. 

Another  application  for  fiber  optics  is  a system  (or  sending  analog  signals  from  a sonar  array  on  a submarine  to  a computer 
for  processing  (Allard,  F . C.,  1976).  A S5-channel  converter  within  the  pressure  hull  translates  the  electrical  output  from  the  hydro- 
phones to  light  signab.  In  thb  case,  plastic  fibers  and  a red  LED  are  used  for  the  signal  transmission.  Laboratory  tests  and  sea  trials 
have  demonstrated  the  superior  crosstalk  and  EMI  immunity  of  the  fiber  optics  cables  over  that  of  the  conventional  twisted  shielded 
pairs,  in  addition  to  substantial  volume  and  weight  savings.  Eventually  an  even  greater  payoff  b expected  to  be  achieved  by  running 
fiber  optics  cables  through  pressure  barriers  so  that  the  signab  can  be  transmitted  through  the  hull  in  optical  form.  This  could  reduce 
the  number  and  diameter  of  hull  penetrations  and  result  in  a significant  savings  in  the  cost  and  weight  of  the  pressure  hull  design. 

DaU  bussing  using  fiber  optics  it  an  attractive  possibility  for  ships  as  well  as  aircraft  (Altman,  D.  E.,  1 976).  Because  of  the 
greater  dbtances  involved,  a different  selection  of  componenb  it  mandated.  The  fiber  optics  replacement  for  the  electrical  version  of 
the  Shipboard  Data  Multiplexing  (SDMS)  system  b now  under  development.  Thb  system  would  employ  graded  index  fiben  used  in 
conjunction  with  star  (radial)  couplers  and  ILD's  in  the  transmitters  and  APD's  in  the  receivers.  The  initbl  plan  b to  maintain  the  sig- 
nal formal  of  the  present  system  which  employs  five  channeb  multiplexed  at  frequencies  from  41  to  83  MHz  with  a 1.2  Mb/s  date 
rate  per  channel. 
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Fixed  Lxnd-Based  Systems 


A system  to  interconnect  a satellite  antenna  to  a computer  processing  center  in  which  the  bandwidth  of  fiber  optics  makes  it 
cost-effective  in  comparison  with  electrical  transmission  is  under  development  (Eppes,  T.  A.,  et  al.,  1977).  The  length  is  1.8  km  and 
the  system  uses  eighteen  20  Mb/s  single-fiber  channels.  These  channels  are  contained  in  three  cablet,  each  of  which  contains  eight 
graded  index  fibers  (six  for  signal  transmission,  plus  two  spares).  LED's  are  used  in  the  transmitters  and  APD't  in  the  receivers.  The 
data  format  is  base-band  non-retum-to-zero.  Maximum  allowable  lots  in  the  system  is  28  dB,  with  a minimum  of  - 1 7.S  dBm  of  opti- 
cal power,  at  a wavelength  centere  l near  8400  A,  coupled  into  a specified  fiber.  The  bit  error  rate  is  less  than  1X10'^  with  an  input 
to  the  optical  receiver  of  -45. S dBm. 


In  another  land-based  application,  illustrated  by  a block  diagram  in  Fig.  10,  several  fiber  links  were  installed  at  the  NORAD 
Cheyenne  Mountain  complex.  The  data  rates  in  this  case  were  less  than  10  Mb/s  and  the  maximum  length  was  about  200  meten. 
The  chief  advantage  of  fiber  optics  in  this  case  was  immunity  from  RFI,  crosstalk  problems,  and  EMP. 

Mobile  Land-Based  Systems 

The  Army  has  a large  effort  in  the  development  of  tactical  land-based  fiber  optics  systems.  The  main  advanUges  in  these 
systems  are  immunity  from  EMP  effects,  reduction  in  cable  size,  weight,  and  volume,  and  elimination  of  croutalk.  Two  areas  of 
interest  are  local  distribution,  with  a one-for-one  replacement  of  existing  facilities  with  fiber  optics  on  the  loop  side  of  a switch, 
and  long  haul,  between  switching  facilities.  Cables  for  both  system  types  are  under  development. 

For  the  local  distribution  system,  illustrated  in  Figs.  1 1 and  12,  channel  bandwidths  are  4 kHz  analog  and  16  kb/s  to  576 
kb/s  digital,  with  the  possibility  of  multiplexing  of  several  channels  per  fiber.  Cable  runs  in  this  system  range  from  about  75  m to 
3.2  km.  with  individual  cable  sections  of  75  m,  300  m,  and  I km  length.  Both  LED’s  and  ILD’s  are  being  considered  for  use  in  the 
transmitters,  and  the  receivers  will  contain  PIN  detectois.  Plastic-clad  silica  fibers  will  probably  be  used  based  on  considerations  of 
ionizing  radiation  vulnerability  and  cost.  Maximum  allowable  fiber  attenuation  is  about  10  dB/km.  A laboratory  demonstration  has 
been  came''  out  using  LED's  and  PIN  detectors,  with  bidirectional  operation  over  twelve  channels  in  each  direction  (Slayton,  I.  B., 
1975)  /.  334  m length  of  six -fiber  cable  was  used,  with  four  multiplexed  channels  per  fiber.  Channel  bandwidths  were  4 kHz  and 
32  kb/s 


For  long-haul  transmission,  the  lengths  increase  to  8 km  at  a maximum  data  rate  of  20  Mb/s  in  a system  without  repeaters 
and  64  km  at  a 2.304  Mb/s  data  rate  with  repeaters.  Length  and  bandwidth  requirements  dictate  theuse  of  ILD  sources,  APD  photo- 
detectors. and  graded-index  fibers  with  a loss  of  less  than  5 dB/km.  Other  land-based  applications  which  are  being  pursued  involve 
surveillance  and  weapons  support  systems. 

Undersea  Systems 


Fiber  optics  may  in  the  future  replace  electrical  signal  cables  in  a number  of  sonar  telemetry  systems,  including  sonobuoy 
(Redfem,  J.,  1976),  torpedo,  bottom-laid,  moored,  and  towed  array  surveillance  systems.  Undersea  applications  of  fiber  optics 
differ  somewhat  from  other  long-run  single-fiber  applications  because  of  the  severe  environmental  and  mechanical  conditions  to 
which  the  cables  are  subjected.  These  include  pressures  of  10,000  psi,  and  mechanical  tension  as  high  as  30,000  lbs.  Problems  peculiar 
to  undersea  cables  include  maintenance  of  the  loss  characteristics  under  the  pressure  of  the  ocean  environment  and  in  protection  of 
the  fibers  from  moisture  while  in  a submerged  cable.  Another  key  area  is  that  of  fiber  strength  - the  typical  designs  for  most  of  the 
undersea  cable  types  require  that  the  fibers  withstand  stretching  of  1-2%  of  their  total  length  without  breakage.  Since  fiben  tend  to 
degrade  much  more  rapidly  when  subjected  to  both  humidity  or  moisture  and  tension,  this  has  proven  a particular  difficulty. 

To  date,  prototype  cables  for  a number  of  undersea  applications  have  been  produced.  These  include  a large  (1.7  cm  diameter) 
cable  for  a towed  applications,  a 1 .5  mm  diameter  cable  for  sonobuoy  use,  and  a I mm  diameter  cable  for  a guided  torpedo.  Samples 
of  length  in  the  300-500  meter  range  of  each  of  these  cables  have  been  tested  and  results  have  generally  been  encouraging.  For 
example,  attenuation  of  the  fibers  was  in  the  3-10  dB/km  range  for  most  of  the  cables  tested. 

Improved  bandwidth  and  reduced  size  and  weight  are  the  prime  advantages  for  using  fiber  optics  in  undersea  cables.  The  non- 
inductive  nature  of  the  optical  cable  eliminates  impedance  changes  experienced  during  reeling  and  unreeling  of  electrical  cables. 

Short  circuits  which  can  occur  at  pinholes  in  the  jacket  of  electrical  cables  are  also  eliminated.  In  some  cases,  such  as  the  towed 
array  cable,  the  immunity  of  the  cable  to  EMI  in  the  region  in  which  it  emerges  from  the  water  and  is  coiled  on  the  deck  of  a ship  is 
also  a significant  advantage. 


CONCLUSIONS 

Based  on  the  progress  achieved  during  the  past  few  years,  fiber  optics  is  being  seriously  considered  for  signal  transmission  in 
virtually  every  military  environment.  The  most  important  research  issues  have  been  resolved,  but  significant  engineering  advances  are 
still  needed  in  areas  such  as  field  connectors  for  single  fiber  systems,  fiber  strength  improvement  for  undersea  applications,  and  operat- 
ing life  for  ILD  and  LED  sources.  Assuming  that  the  cost  of  components,  and  particularly  the  fibers,  continues  to  drop,  guided  optical 
communication  will  be  cost-effective  for  an  increasing  number  of  applications.  The  early  adoption  of  standards  for  these  components 
it  also  important  from  the  standpoint  of  fostering  their  widespread  use  in  military  systems. 

ACKNOWLEDGEMENTS 

The  author  greatly  appreciates  the  efforts  of  several  individuals  who  have  provided  information  for  and  critically  reviewed 
this  manuscript:  L.  V.  Dworkin,  U.S.  Army  Electronics  Command;  K.  C.  Trumble,  U.S.  Air  Force  Avionics  Laboratory,  and  D.  J. 

Albaret,  R.  A.  Eastley,  R.  J.  Kochantki,  W.  H.  Putnam,  and  D.  N.  Williams  of  the  U.S.  Naval  Electronics  Laboratory  Center.  j 

i 

4 

( 


1-9 


REFERENCES 

Alb«res,  D.  J.,  Dworkin,  L.  V.,  and  Trumble,  K.  C.,  Jan.  1975,  "Prospective  Applications  for  Fiber  Optic  Transmission  in  the 
Military,"  Willianisbuts.  VA,  Topical  Meeting  on  Fiber  Optic  Transmission. 

Allard.  F.  C.,  Feb.  1976,  “A  Fiber  Optics  Sonar  Link,”  ElectroOptic;  System  Design,  p.  32-35. 

Altman,  D.  E.,  1975,  “Eight-Terminal  Bidirectional  Fiber  Optic  Trunk  Data  Bus,"  Naval  Electronics  Laboratory  Center  Technical 
Report  1969. 

Altman,  D.  E..  1976,  “A  Study  of  the  Application  of  Fiber  Optics  Technology  to  the  Shipboard  Data  Multiplex  System,"  Naval 
Electronics  Laboratory  Center  Technical  Report  1995. 

Auracher,  F.,  and  Zeitler,  K.-H.,  1976,  "Multiple  Fiber  Connectors  for  Multimode  Fibers,”  Opt.  Comm.  18,  556. 

Bamoski,  M.  K.,  Ed.  1976,  “Fundamentals  of  Optical  Fiber  Communications,”  New  York,  Academic  Press. 

Bamoski,  M.  K.,  and  Friedrich,  H.  R.,  1976,  “Fabrication  of  an  Access  Coupler  with  Single-Strand  Multimode  Fiber  Waveguides,” 

AppI,  Opt.  2629. 

Biard,  I.  R.,  and  Shaunfield,  J.  E.,  1974,  “Optical  Couplers,”  Air  Force  Avionics  Laboratory  Technical  Report  74-314. 

Biard,  J.  R.,  and  Shaunfield,  I.  E.,  1977,  “Wideband  Fiber  Optic  Data  Link,”  Air  Force  Avionics  Laboratory  Technical  Report 
(to  be  published). 

Burrus,  C.  A.,  et  al.,  1975,  “Direct  Modulation  Efflciency  of  LED’s  for  Optical  Fiber  Transmission  Applications,"  Proc.  IEEE 
329. 

Campbell,  J.  R.,  and  Bryant,  J.  F.,  1977,  “Fiber  Optic  Technology  Summary  for  the  Defense  Communications  System,”  Naval 
Electronics  Laboratory  Center  Technical  Note  3236. 

Campbell.  L.  L.,  1 976,  “Status  of  Fiber  Optic  Research  in  the  U.S.A.,“  Opt.  Eng.  J^,  473. 

(Thown,  M.,  et  al.,  1973,  “Direct  Modulation  of  Double-Heterostructure  Lasers  at  Rates  up  to  1 Gbit/s,”  Electron.  Lett.  9,  34. 

Cohen,  L.  C.,  et  al.,  1975,  “Transmission  Properties  of  a Low-Loss,  Near-Parabolic  Index  Fiber,”  Appl.  Phys.  Lett.  472. 

Cohen,  L.  G.,  and  Petsonick,  S.  D.,  1975,  “Length  Dependence  of  Pulse  Dispersion  in  a Long  Multimode  Optical  Fiber,”  Appl. 

Opt.  14,  1357. 

Dalgleish,  J.  F.,  and  Lukas,  H.  H.,  1975,  “Optical-Fibre  Connector,”  Electron.  Lett.  M^,  24. 

DiDomenico,  M.,  Jr.,  1974,  “A  Review  of  Fiber  Optical  Transmission  Systems,”  Optical  Engineering  13.  423. 

Dixon,  R.  W.,  et  al.,  1976,  “Improved  Light-Output  Linearity  in  Stripe-Geometry  Double-Heterostructure  (Al,  Ga)As  Lasers,” 

Appl.  Phys.  Lett.  29,  372. 

Dworkin,  L.,  et  al.,  1976,  "The  Role  of  Fiber  Optics  in  the  Army  Wescon  Conference,  Session  14. 

Dworkin,  L,  et  al.,  1977,  “Progress  Towards  Practical  Military  Fiber  Optics  Communications  Systems,”  Williamsburg,  Va,  Topical 
Meeting  on  Fiber  Optic  Transmission. 

Eastley,  R.  A.,  and  Putnam,  W.  H.,  1974,  ‘Telephone  System  - Fiber  Optic  Modem  S202,”  Nava)  Electronics  Laboratory  Center 
Technical  Document  260. 

Ellis,  J.  R.,  and  Williams,  D.  N.,  1976,  “Fiber  Optics  Application  to  A-7  Aircraft,”  Society  of  PhotoOptical  Instrumentation 
Engineers,  Vol.  77. 

Eppes,  T.  A.,  et  al.,  1977,  “A  Two  Kilometer  Optical  Fiber  Digital  Transmission  System  For  Field  Use  at  20  mb/s,”  this  meeting, 
paper  No. 

Evans,  B.  D.,  and  Sigel,  G.  H.,  1975,  “Radiation  Resistant  Fiber  Optic  Materials  and  Waveguides,”  IEEE  Trans.  Nucl.  Science  NS-22,  2462. 
Frieberger,  R.  J.,  1976,  “300  Meter  Sonobuoy  Cable/500  Meter  Tow  Cable,”  Report  N00123-75'C-1023. 

French,  W.  G.,  et  al.,  1975,  “Glass  Fibers  for  Optical  Communication,”  Ann.  Rev.  Mater.  Sci.  373. 

Gardner,  W.  B.,  1975,  “Microbending  Lou  in  Optical  Fibers,”  Bell  Syst.  Tech.  J.  M,  457. 

Gloge,  D.,  1976,  “Optical  Fiber  Technology,”  New  York,  IEEE  Pren. 

Goell,  J.  E.,  1974,  “An  Optical  Repeater  with  a High-Impedance  Input  Amplifier,”  Bell  Sysle.  Tech.  J.  629. 

Greenwell,  R.  A.,  1976.  “Results  of  A-7  ALOFT  “Bottoms  Up”  Model  and  Weight  Sensitivity  Analysit,”  Naval  Electronics 
Laboratory  Center  Technical  Report  1 998;  and  “A-7  ALOFT  Life-Cycle  Cost  and  Meuutes  of  Effectiveneu  Models,”  Naval  Electronics 
Laboratory  Center  Technical  Report  1982. 


1-10 


Greenwell,  R.  A.,  and  Holma.  G.,  1977,  “A-7  ALOFT  Economic  Analysis  and  EMI-EMP  Test  Results.”  this  meeting,  paper  no.  14, 

Harder.  R.  D.,  et  al..  1977,  "A-7  ALOFT  Demonstration  Final  Report,”  Naval  Electronics  Laboratory  Center  Technical  Report  2024. 

Hayashi.  M.  B.,  et  al.,  1970,  "Junction  Lasers  which  Operate  Continuously  at  Room  Temperature,”  Appl.  Phys.  Lett. 

Heinen,  J.,  et  al.,  1976,  "Light  Emitting  Diodes  with  a Modulation  Bandwidth  of  more  than  I GHz,”  Electron.  Lett.  1^,  S53. 

^ Hotiguchi.  M.,  and  Osanai,  H.,  1976,  “Spectral  Losses  of  Low-OH-Content  Optical  Fibers,"  Electron.  Lett.  12,  310. 

Hseih,  I.  J.,  1976,  "Room-Temperature  Operation  of  GalnAsP/lnP  Double-Heterostructure  Diode  Lasers  Emitting  at  l.iMm,” 

Appl.  Phys.  Lett.  28,  283. 

Hudson.  M.  C.,  and  Thiel,  F.  L.,  1974.  "The  Star  Coupler:  A Unique  Interconnection  Component  for  Multimode  Optical  Wave- 
guide Communications  Systems,”  Appl.  Opt.  13,  2540. 

Jeunhomme.  L.,  and  Pocholle,  J,  P.,  1976,  "Directional  Coupler  for  Multimode  Optical  Fiben,”  Appl.  Phys.  Lett.  29, 485. 

Kurkjian.  C.  R.,  1976,  "Strength  of  0.04  - 50  m Lengths  of  Coated  Fused  Silica  Fibers,”  Appl.  Phys,  Lett,  M,  588. 

Mabbitt,  A.  W.,  and  Mobsby.C.  D.,  1975,  “High-Speed  High-Power  1.06  m Gallium  Indium-Arsenide  Light-Emitting  Diodes,” 
Electron.  Lett. 

Mattem.  P.  L.,  et  al.,  1974,  “The  Effect  of  Radiation  on  the  Absorption  and  Luminescence  of  Fiber  Optic  Waveguides  and  Materials," 
SAND-74-8622. 

Maurer,  R.  D..  1973,  "Glass  Fibers  for  Optical  Communications,”  Proc.  IEEE  452. 

Maurer,  R.  D.,  et  al.,  1973,  “Effect  of  Neutron  and  Gamma  Radiation  on  Glass  Optical  Waveguides,”  Appl.  Opt.  1^,  2024. 

Maurer.  R D.,  1975,  “Strength  of  Optical  Fiber  Waveguides,”  Appl.  Phys.  Lett.  27,  220. 

Miller,  S.  E.,  et  al.,  1973,  “Research  toward  Optical  Fiber  Transmission  Systems,”  Proc.  IEEE,  1703. 

Milton,  A.  F.,  and  Lee,  A.  B.,  1976,  “Optical  Access  Couplers  and  a Comparison  of  Multiterminal  Fiber  Communication  Systems," 
Appl  Opt.  15,244. 

Nawata,  K.,  and  Takano,  K.,  1976,  “800  Mb/s  Optical-Repeater  Experiment,”  Electron.  Lett.  178. 

Olshansky,  R.,  and  Keck,  D.  B.,  1976,  “Pulse  Broadening  in  Graded-Index  Optical  Fiben,”  Appl.  Opt.  15,  483. 

/ 

Panish,  M.  B.,  1975,  “Heterostructure  Ittjection  Lasers,”  IEEE  Trans.  Micro.  Theory  Tech.,  MTT-23,  20. 

Pearsall,  T.  P,,  et^al..  1976,  "Efficient  Lattice-Matched  Double-Heterostructure  LED’s  at  l.l  |im  from  Ga^lnj.^ASyP|.2,”  Appl. 

Phys.  Lett.  M,  499. 

Personick,  S.  D.,  1971,  "Time  Dispersion  in  Dielectric  Waveguides,”  Bell  Syst.  Tech.  J.  50,  843. 

Personick.  S.  D.,  1973,  “Receiver  Design  for  Digital  Fiber  Optic  Communication  Systems,”  Bell  Syst.  Tech.  J.  843. 

Personick,  S.  D.,  1975,  “Optical  Fibers,  a New  Transmission  Medium,”  Communications  Society  M,  20. 

Putnam,  W.  H.,  1976,  “Fiber  Optic  Tow  Cable  Environmental  Tests,”  Naval  Electronics  Laboratory  Center  Technical  Report  2006. 

Redfem,  J.,  1976,  “Preliminary  Analysis  of  the  Requirements  for  a Fiber  Optic  Cable  for  Sonobuoy  Applications,”  Naval  Undersea 
Center  Technical  Note  TN-1654. 

Slayton,  I.  B.,  1975,  "26  Pair  Cable  System,”  RDT  and  ECOM  Report  75-0363. 

Shaunfield,  J.  E.,  1976,  "EMI/EMP  Resistant  Data  Bus,”  Air  Force  Avionics  Laboratory  Technical  Report  TR-76-99. 

Sigel,  G.  H.,  and  Evans,  B.  D.,  1974,  “Effect  of  Ionizing  Radiation  on  Transmission  of  Optical  Fibers,”  Appl.  Phys.  Lett.  M,  140. 
Sigel,  G.  H.,  1977,  Private  Communication. 

Snitzer,  E.,  1961,  “Cylindrical  Dielectric  Waveguide  Modes,”  J.  Opt.  Soc.  Amer.  51, 491. 

Stewart,  L.  L.,  1977,  “Flight  Operational  Wideband  Fiber  Optics  Data  Links,”  Air  Force  Avionics  Laboratory  Technical  Report 
(to  be  published). 

Taylor,  H.  F.,  et  al.,  1975,  “Data  Bussing  with  Fiber  Optics,”  Nav.  Res.  Rev.  No.  2,  12. 

Thiel.  F.  L.,  et  al.,  1974,  “In-Line  Connectors  for  Multimode  Optical  Waveguide  Bundles,”  Appl.  Opt.  £3,  240. 

i Uhlhom,  R.  W.,  et  al.,  1976,  “A-7  ALOFT  Economic  Arudyaia,”  McDonnell  Aircraft  Company. 

i 

‘ Wieder,  H.  H.,  1977,  Private  Communication. 


Wilkini,  G.  A.,  1976,  "Fiber  Optic  Ciblei  for  Undenei  Communicationi,”  to  appear  in  Fiber  Optica  and  Integrated  Optica. 
Wilkina,  G.  and  Eaatley,  R.,  1977,  “Recent  Progreai  in  Optical  Fiber  Cablet  for  Ute  in  the  Ocean,”  thit  meeting,  paper  no.  4. 
Witte,  H.  H.,  1976,  “Optical  Tapping  Element  for  Multimode  Fiber,”  Opt.  Common.  1^,  559. 

Wittke,  J.  P.,  et  al.,  1976,  “High  Radiance  LED  for  Single-Fiber  Optical  Linki,”  RCA  Review  159. 

Wittmaim,  L.,  1975,  “Contact-Banded  Epoxy-Retin  Lentet  to  Fibre  Endfacet,”  Electron.  Lett.  1 1, 477. 


1 


1-13 


NUC/AIRLOG  CABLE  UNIT 

1 0.005-INCH-DIAMETER,  STEP  INDEX, 
OPTICAL  FIBER  (ITT  #SCVD  259). 

2 TEFLON  (PFA)  BUFFER.  ADDED  BY 
ITT  TO  0 015-INCH  DIAMETER. 

3.  LOW  SHORE.  LOW  MODULUS,  ELASTO 
MER  #240-1,  ADDED  BY  AIR  LOGISTICS 
TO  0.025  INCH  DIAMETER 

4.  LOADBEARING  STRUCTURE,  ADDED  BY 
AIR  LOGISTICS  TO  FINAL  DIAMETER 
OF  0.050-INCH,  THIS  STRUCTURE  CON- 
TAINS 9840  PARAXIAL,  HTS-901  S-GLASS 
FILAMENTS  IN  A POLYAMIDE  MODIFIED, 
AMINE-CURED,  EPOXY  RESIN  SYSTEM 
(AIR  LOGISTICS  #380-4).  THE  S-GLASS 
VOLUME  FRACTION  IN  THE  MATRIX 

IS  APPROXIMATELY  0.64. 


STRANDED  STEEL  WIRE 

- SEVEN  (7)  STRANDS  .0081 -INCH  Dl A. 

- 0 33-INCH  LAY 

- WT  (2  WIRES)  8.4  Ib/km 

- TENSILE  STRENGTH;  300000  psi 

- YOUNG  S MODULUS:  30  700  000  psi 

OPTICAL  FIBER 

- WT  (2  FIBERS)  2.13  Ib/km 

- TENSILE  STRENGTH  >100000  psi  (PROOF  TEST) 

- COATING  MATERIALS  SILICONE  RTV/PFA 

Plastic  jacket 

- WT  1.32  Ib/km 

- MATERIAL:  HIGH  DENSITY  POLYETHELENE 

NOTE: 

1.  TOTAL  CABLE  WEIGHT:  3.6  lb  (300  METRES) 

2.  CABLE  BREAKING  STRENGTH:  180  1b 

3.  CABLE  ELEMENTS  ARE  STRANDED 
LAY  LENGTH  2.0-INCH.  LAY  ANGLE  2^ 
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Fig.  4.  Schematic  diagram  of  a Ga^Alj.^As  double-heterostructuie  injection  laser  designed 
for  operation  in  a single  transverse  mode.  The  refractive  index  of  the  P-GaAs  layer 
exceeds  that  of  the  adjacent  layer  to  provide  for  waveguiding  in  the  vertical  direc- 
tion, and  the  step  in  that  layer  confines  the  beam  in  the  horizontal  direction.  The 
hght  is  generated  by  the  recombination  of  the  injected  electrons  and  holes  in  the 
pn  junction  region. 


Fig.  S.  Schematic  diagram  of  a silicon  avalanche  photodiode.  The  incident  light  is  ab- 
sorbed primarily  in  the  wide  intrinsic  (a)  region,  creating  electron-hole  pairs.  Car- 
rier multiplication  occurs  in  the  high-field  depletion  region  of  the  pn'*^  junction. 
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Fig.  7.  Block  dUgnin  of  A-7  demonitntion. 
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Comparison  of  state-of-the-art  receiver  performance  with  the  quantum  limit.  The 
intemal  gain  of  the  silicon  avalanche  photodiode  gives  an  improvement  of  about  10 
dB  in  sensitivity  in  comparison  with  the  silicon  PIN  photodiode  for  data  rates  be- 
tween 10  Mb/s  and  I Gb/s.  The  avalanche  photodiode  sensitivity  is  nearly  20  dB 
less  than  the  quantum  limit,  which  assumes  a noiseless  receiver  with  unity  quantum 
efficiency. 
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Fig.  6. 
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Fig  10.  NORAD  fiber  optics  system. 
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Fig.  1 1 . Tactical  fiber  optics  link  system  diagram. 
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A tutorial  introduction  and  a review  is  given  of  the  field  of  integrated 
optics  and  optical  guided-wave  devices.  Device  principles  and  potential  applications 
are  discussed.  The  properties  of  dielectric  waveguides  are  reviewed  briefly  and  new 
materials  and  new  fabrication  techniques  are  mentioned.  An  Illustration  is  given  of 
recent  work  on  devices.  This  includes  a discussion  of  work  on  guided-wave  modulators 
and  switches  with  focus  on  devices  made  by  titanium  diffusion  in  lithium  nlobate. 

Mention  is  made  of  an  experimental  4x4  switching  network  which  was  recently 
demonstrated  in  the  laboratory.  Other  devices  discussed  are  corrugated  waveguide 
filters  in  which  rejection  bandwidth  from  0.1  to  6 A have  been  obtained.  The  paper 
concludes  with  a discussion  of  the  use  of  guided-wave  techniques  in  semiconductor 
junction  lasers. 

I . INTRODUCTION 

The  purpose  of  this  paper  is  to  give  the  reader  a brief  tutorial  introduction 
to  and  a review  of  the  growing  research  field  of  "integrated  optics",  and  to  give  an 
illustration  of  recent  work.  In  the  limited  space  and  time  available,  it  is  impossible 
to  aim  for  completeness,  and  we  refer  the  reader  interested  in  more  completeness  and 
more  detail  to  a series  of  recent  review  articles  (Hiller,  S.  E.,  1969;  Goell,  J.  E. , 
et  al.,  1970;  Goell,  J.  E.,  et  al. , 1970;  Tien,  P.K.,  1971;  Miller,  S.E. , 1972; 

TaylC'-,  H.  F.,  et  al.,  1974;  Chang,  W.  S.,  et  al.,  1974;  Tien,  P.  K. , 1974;  Kogelnik,  H. , 
1975;  Conwell,  E.M. , 1976;  Tien,  P.  K. , 1977)  and  recent  monographs  on  the  subject. 

(Bo.  iopki,  M.  K.,  1973;  Tamir,  T. , 1975) 

Historically,  there  was  early  relevant  work  in  the  seven  years  before  1969, 
but  the  coining  of  the  term  "Integrated  Optics"  by  S.  E.  Miller  (Miller,  S.  E. , 1969) 
in  that  year  marks  also  the  beginning  of  considerable  research  interest  in  this  subject; 
and  there  are  now  research  activities  in  a still  increasing  number  of  university, 
industrial  and  governmental  laboratories.  One  main  impetus  for  this  stems  from  the 
promise  of  optical-fiber  transmission  systems  (Hiller,  S.  E.  et  al.,  1973)  which,  in 
turn,  is  based  on  the  recent  achievement  of  low  transmission  losses  in  optical  fibers. 

We  should  point  out  that  a majority  of  fiber  systems  under  study  today  are  multimode 
fiber  systems  in  which  light  propagates  in  mixtures  of  hundreds  of  electromagnetic 
modes.  Integrated  optics  has,  so  far,  not  offered  much  for  multimode  systems,  as  most 
integrated  optical  circuits  and  devices  are  single-mode  structures.  Creative  thought 
is  needed  here.  However,  single-mode  fiber  systems  are  attracting  increasing  interest 
for  higher  transmission  speeds  and  longer  transmission  distances.  These  systems  are 
more  compatible  with  integrated  optics,  and  here  integrated  optics  techniques  isay  one 
day  provide  compact  circuits  and  devices  for  repeaters,  and  may  offer  such  possibilities 
as  wavelength  multiplexing  or  switching  of  optical  signals.  Fiber  losses  of  the  order 
of  1 db/km  have  now  been  achieved  throughout  the  near-infrared  region  from  0.8  to  about 
1.6  pm  marking  this  as  spectral  region  of  principal  interest  to  integrated  optics. 

The  name  integrated  optics  now  covers  all  exploration  of  guided-wave  techniques 
used  to  construct  new  or  Improved  optical  devices.  Waveguides  are  used  to  confine  the 
light  to  very  small  cross-sections  over  relatively  long  lengths.  One  aims  for  compact 
and  miniaturized  devices  of  better  reliability,  better  mechanical  and  thermal  stability, 
and  for  lower  power  consumption  and  lower  drive  voltages  in  active  devices.  There  is, 
of  course,  also  the  hope  that  one  will  be  able  to  combine  several  guided-wave  devices 
on  a common  substrate  or  chip  and  form  more  complicated  optical  circuits  in  analogy 
with  the  Integrated  circuits  of  electronics.  However,  some  of  the  new  guided-wave 
devices,  lasers  or  modulators,  for  example,  nuiy  well  be  able  to  compete  on  their 
individual  merits  with  their  bulk-optical  counterparts. 

The  waveguides  used  in  integrated  optics  are  dielectric  waveguides,  usually 
in  the  form  of  a planar  film  or  strip  of  higher  refractive  index  than  the  surrounding. 

The  devices  of  Interest  are  often  the  counterparts  of  familiar  microwave  or  optical 
devices.  They  are  couplers,  junctions,  directional  couplers,  filters,  wavelength 
multiplexers  and  demultiplexers,  and  active  devices  such  as  modulators,  switches  and 
lasers  and  detectors.  In  the  following,  we  will  first  discuss  briefly  the  character- 
istics of  the  dielectric  waveguides  used  in  Integrated  optics  and  of  the  materials 
employed  to  fabricate  them.  This  will  be  followed  by  an  Illustration  of  recent  work 
on  devices  and  circuits. 


II.  DIELECTRIC  WAVEGUIDES 

Dielectric  waveguides  are  used  to  confine  and  guide  the  light  in  the  devices 
of  integrated  optics.  We  distinguish  between  planar  film  guides  which  confine  the 
light  in  only  one  dimension,  and  strip  guides  which  confine  the  light  in  two  dimensions. 
Figure  1 shows  schematically  sideviews  of  a film  waveguide  where  n^,  n^  and  n^  are  the 

refractive  indices  of  the  film,  substrate  and  cover  materials,  respectively.  The  film 
acts  as  a waveguide  if 


"f  ^ "s'  "c* 

The  guide  supports  guided  modes  where  the  light  is  confined  in  and  near  the  film,  and 
radiation  modes  where  the  light  is  spread  out  far  away  from  the  film.  Figures  la  ana 
lb  show  the  simple  ray  pictures  corresponding  to  the  radiation  inodes,  and  Figure  Ic 
shows  the  ray  picture  of  a guided  mode.  In  the  latter  case,  the  ray  angle  6 exceeds 
the  critical  angle  6 for  total  internal  reflection  at  the  film-substrate  interface 
given  by  ^ 

sin  = n /n.,  (2) 

C 8 t 


and  the  rays  are  trapped  inside  the  film.  The  guide  will  support  only  one  single 
guided  mode  when  the  film  height  h is  very  small,  i.e. , approximately  given  by 


h 


A 

2 


(n^-n^, 


-1/2 


(3) 


where  A is  the  wavelength.  For  more  detail  on  the  theory  of  dielectric  waveguides,  * 
the  reader  is  referred  to  review  texts  such  as  (Kogelnik,  H.,  1975). 

Strip  guides  confining  the  light  in  two  dimensions  can  be  made  in  various 
cross-sections,  some  of  which  are  shown  in  Figure  2.  In  every  one  of  these  cases,  the 
guide  index  n^  is  larger  than  that  of  the  surrounding. 

Strip  guides  can  be  used  to  form  various  circuit  patterns.  The  example  of  a 
directional  coupler  circuit  is  shown  in  Figure  3 where  the  dark  areas  indicate  the 

strip  regions  of  higher  refractive  index.  Practical  index  differences  n,-n  depend 

c s ^ 

on  the  fabrication  technology  used  and  are  typically  in  the  range  of  10"^  to  lO”^. 

Typical  dimensions  of  single-mode  strip  guides  are  heights  of  0.5  urn  and  widths  of  2-3  um. 

To  define  circuit  patterns  one  has  to  use  photolithographic  techniques  that 
often  strain  the  state  of  the  art  known  in  electronic  integrated  circuits,  and  the 
employment  of  electron-beam  exposure  is  often  necessary.  ( Zernike,  F. , 1975) 

III.  MATERIALS 

New  materials  and  new  fabrication  techniques  are,  and  have  been,  of  central 
importance  to  Integrated  optics.  A considerable  number  of  new  materials  and  techniques 
have  been  found  and  explored  for  the  fabrication  of  dielectric  guides  and  Integrated 
optical  devices.  (Zernike,  F, , 1975;  Hammer,  J.  M. , 1975;  Garmire,  E. , 1975)  Materials 
allowing  guide  losses  of  1 db/cm  or  better  are  usually  desired.  A low-loss  waveguide 
material  useful  for  passive  devices  such  as  directional  couplers  or  corrugated  waveguide 
filters  has  been  a film  of  glass  produced  by  RF-sputterlng  on  a glass  substrate  of 
lower  index.  (Goell,  J.  E.,  et  al. , 1969)  Other  materials  examples  are  the  electrooptic 
crystals  LiNbO^  and  LiTaO.  which  are  of  interest  for  modulators  and  switches.  It  has 
been  found  (Scnmidt,  R.  V.,  et  al.,  1974;  Hammer,  J.  M. , et  al.,  1974)  that  low- loss 
waveguides  can  be  made  in  these  ferroelectric  materials  by  in-diffusion  of  the  metals 
T1  and  Nb,  respectively.  GaAs  and  related  III-V  8emicondu..tor  compounds  are  of  particular 
interest  to  integrated  optics,  as  these  materials  are  suitable  for  the  fabricatoon  of 
efficient,  electrically  pumped  junction  lasers  as  well  as  for  modulators  and  detectors. 
(Garmire,  E.,  1975)  In  these  materials,  waveguides  are  made  by  epitaxial  growth  of 
heterostructures  with  suitable  refractive  index.  To  form  the  waveguides  for  GaAs  lasers, 
e.g.,  the  addition  of  Al  is  used  to  lower  the  index  in  the  substrate  and  cover  layers. 

To  be  of  use  in  transmission  systems,  junction  lasers  must  be  capable  of 
operating  continuously  at  room  temperature  with  a long  device  life.  In  the  GoAlAs 
materals  system,  cw  room  temperature  operation  was  demonstrated  about  seven  years  ago 
(Hayashi,  I.,  et  al.,  1970;  Alferov,  Zh.I.,  et  al.,  1971)  and  good  progress  has  been  made 
since  in  improving  device  life.  The  GaAlAs  system  can  provide  lasers  in  the  wavelength 
range  of  0.75  to  0.9  Mm.  Several  other  materials  systems  show  promise  for  the  spectral 
range  from  1.0  um  to  1.6  pm.  Recently,  cw  laser  operation  at  room  temperature  was 
demonstrated  in  GaAsSb/AlGaAsSb  system  (Nahory,  R.  E.,  et  al.,  1976)  at  1.0  pisr  In  the 
GalnAsP/InP  system  (Hsleh,  J.  J.,  et  al.,  1976)  at  1.1  pm,  and  the  InGoAs/InGaP  system 
(Nuese,  C.  J.,  et  al.,  1976)  at  1.06  to  1.12  pm. 
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IV.  DIFFERENT  TYPES  OF  INTEGRATION 

We  have  indicated  before  that  the  confinement  of  light  provided  by  waveguiding 
can  lead  to  considerable  Improvements  in  integrated  optics  devices,  such  that  they  can 
compete  well  with  their  bulk-optical  counterparts  on  their  individual  merits.  Examples 
for  this  are  the  low  drive  powers  offered  by  guided-wave  lasers  and  modulators.  As 
guided-wave  devices  are  essentially  made  of  waveguides,  they  can  also  be  connected  by 
waveguides,  i.e.,  the  devices  are  suitable  for  integration,  which  is  an  additional 
benefit.  Depending  on  the  application  one  has  in  mind,  one  can  think  of  several  kinds 
of  integration.  For  optical  communications,  it  may  be  advantageous  to  have  several 
kinds  of  devices,  e.g.,  a laser,  a modulator  and  a detector,  all  on  one  chip,  and  all 
in  one  materials  system.  This  is  called  monolithic  integration.  GaAs  and  its  relatives 
are  suitable  materials  for  monolothlc  integration.  In  the  first  experimental 
demonstrations  of  this,  combinations  of  a laser  and  an  absorption  modulator  (Reinhardt, 
F.  K. , et  al.,  1974)  and  of  a laser  and  a phase  modulator  (Reinhardt,  F.  K.,  et  al., 
1975)  were  reported.  Other  interesting  possibilities  are  laser-f ilter-modulator  or 
filter-detector  combinations:  In  all  these  cases,  the  integration  is  serial  and  multi- 
functional, i.e.,  the  optical  signal  is  .processed  sequentially  by  devices  of  different 
kinds. 


When  several  devices  of  the  same  kln^  are  made  on  one  chip,  we  call  this 
monofunctional  integration.  Here  one  hasvmore  freedom  to  optimize  the  materials  choice 
for  each  given  device.  We  shall  mention  later  two  experimental  cases  where  monofunc- 
tional integration  was  already  demonstrated  in  the  laboratory.  (Schmidt,  R.  V.,  1976; 
Aiki,  K. , et  al.,  1976)  One  has  the  simplestJcase  of  monofunctional  integration  when 
devices  of  one  kind  are  arranged  unconnected^nd  in  parallel  on  one  chip.  This  may 
be  many  lasers  on  a chip,  or  many  modulatorsa  etc.  There  are  also  interesting  cases 
of  monofunctional  chips  where  the  devices  ara  interconnected,  e.g.,  many  interconnected 
switches  can  form  a switching  network,  (Schnwt,  R.  V.  , 1976)  many  interconnected 
filters  on  a chip  can  form  a wavelength  multSlexing  circuit,  etc. 

V.  MODULATORS  AND  SWITCHES  * 

Considerable  progress  was  mad^^P  recent  years  in  guided-wave  modulator  and 
switching  devices.  (Hammer,  J.M. , 1975: yKaminow,  I.  P.,  1975)  To  illustrate  this 
work,  we  consider  devices  where  wavegulAts  were  made  by  diffusion  of  Ti  into  LiNbO^. 

This  technique  allows  the  fabrication  of  embeaded  strip  guides  in  relatively  simple 
photolithographic  steps,  as  sketched  in  Figure  4.  This  way,  a phase  modulator  of 
the  geometry  shown  in  Figure  5 was  constructed.  (K^uninow,  I.  P.,  et  al.,  1975)  The 
waveguide  was  about  5 um  wide,  the  metal  electrodes  plated  on  the  crystal  surface 
were  about  9 um  apart  and  30  mm  long.  For  this  modulator,  the  required  drive  voltage 
was  only  0.3  volts  and  the  drive  power  was  as  low  as  1.7  uW/MHz  of  bandwidth  to 
achieve  a modulation  index  of  1 rad  at  X =>  0.63  pm. 

Using  the  same  diffusion  technique,  a switched  directional  coupler  of  the 
geometry  shown  in  Figure  6 was  demonstrated.  (Schmidt,  R.  V.,  et  al.,  1976)  Here, 
a pair  of  guides  is  used,  each  about  3 pm  wide  and  spaced  as  close  as  3 pm  over  a 
3 mm  interaction  length  to  allow  the  coupling  and  exchange  of  light  t>etween  the  two 
waveguides.  The  two  electrode  pairs  are  split  in  the  middle  to  permit  the  application 
of  voltages  of  reversed  polarity.  With  this  switching  device,  light  entering  one 
guide  can  be  switched  from  one  guide  to  the  other  with  conversion  ratios  of  400:1 
(i.e.  , 26  db) . 

By  connecting  several  such  switches,  one  can  build  switching  networks  such 
as  that  shown  in  Figure  7.  By  application  of  proper  voltages  light  entering  any  of 
the  input  guides  can  be  switched  to  any  of  the  output  guides.  An  experimental  4^4 
switching  network  in  which  five  switches  of  the  kind  described  above  were  integrated 
on  a LiNbO^  chip  was  recently  demonstrated.  (Schmidt,  R.  V.,  1976) 

VI.  FILTERS 

Filters  are  needed  for  applications  such  as  wavelength  multiplexing  of 
transmission  channels.  One  way  to  make  a guided-wave  filter  device  is  to  machine  a 
corrugation  of  a very  short  period  A into  the  surface  of  a film  guide  as  shown  in 
Figure  8.  Such  a periodic  guide  of  length  L provides  a band  rejection  filter  with 
a fractional  bandwidth  of  approximately 


AX/X  % A/L  (4) 

centered  at  a wavelength  X^  given  by 

Xp  - 2NA,  (5) 

where  M la  the  effective  index  of  the  guided  mode.  (Kogelnlk,  H.,  1975)  Figure  8,  taken 
from  (Flanders,  O.C.,  1974),  shows  the  response  of  a corrugated  glass  guide  at  0.57  pm. 


The  filter  was  fabricated  by  meaAlof  a holographic  exposure 'of  masking  photoresist 
using  a UV  laser  and  by  subsequaj^r  ion-beam, etching.  It  was  L >,0.57  mm  long,  and 
had  corrugations  with  a period  flPA  <•  2000  A and  a depth  of  460  A.  The  response 
was  measured  with  a tunable  dy^Waser . In  subsequent  filter  experiments  (Schmidt, 
R.  V.,  et  al.,  1974)  bandwidths^s  narrow  as  O.lA  were  achieved. 


LASERS 


The  confinement  of  the  light  in  double  heterostructure  junction  lasers  has, 
of  course,  been  vital  for  the  cw  room  temperature  operation  of  these  devices.  Several 
other  guided-wave  techniques  are  under  exploration  to  further  improve  the  performance 
of  junction  lasers.  One  example  is  the  use  of  various  strip  waveguides  (Lee,  T.P., 
et  al.,  1975;  Lee,  T.  P.  , et  al.,  1976)  <i|^f  forts  to  obtain  single  transverse  mode 
output.  Another  example  is  the  ex^^Mflfbn  of  distributed  feedback  structures  (DFB) , 
where  a periodic  waveguide  siml^4||^^r^ corrugated  waveguide  filter  is  superimposed 
on  the  gain  medium.  DFB  promis^^^nmple,  compact,  low-loss  laser  resonators, 
spectrally  pure  laser  output  ana  possibly  smaller  sensitivity  of  the  laser  wavelength 
to  variations  in  temperature.  Figure  9 shows  a side  view  of  a separate  confinement 
GaAlAs  heterostructure  DFB  junction  laser  that  has  been  fabricated  with  the  help  of 
molecular  beam  epitaxy.  (Casey,  H.  C.,  et  al.,  1976)  GaAlAs  junction  lasers  of 
somewhat  similar  geometry  were  recently  demonstrated  in  cw  operation  at  room  temperature. 
(Nakamura,  M. , et  al.,  1975;  Aiki,  K. , et  al. , 1976)  Our  final  exeunple  of  current 
research  (Aiki,  K. , et  al.,  1976)  is  the  monolithic  integration  on  a GaAs  chip  of  six 
DFB  junction  lasers  with  slightly  different  corrugation  periods.  Each  of  these  lasers 
operates  at  a different  wavelength,  separated  by  about  20  A from  each  other  as  sketched 
in  Figure  10.  The  output  from  the  six  lasers  is  combined  into  a single  multimode 
waveguide  on  the  same  chip. 
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Figure  3 - Optical  directional  coupler  made  of  strip  guides. 
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Fabrication  sequence  for  diffused  strip  guide. 
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RESUME 


Conpte  tenu  de  1 ‘Evolution  des  technologies  en  matldre  d'61ectronlque  entiarqu6e,  dont 
I'aboutlsssment  est  1 ’ Interconnexion  des  6qulpensnts  par  bus  num^rlque,  les  systStnes  de  bord  vont 
btre  A I’avenlr  partlcuIlArement  viilnArables  aux  perturbations  AlectromagnAtlques  raniendes  par  les 
cAblages  en  cas  de  foudrolement  ou  s' lie  sont  soumls  A une  Impulsion  AlectromagnAtlque  d'orlglne 
nuclAalre. 

Les  fibres  optlques.  Atant  IntrlnsAquement  Insenslbles  A ces  phAnomAnes,  paralssent  done 
une  solution  attrayante  A ce  problAme. 

L'Atat  actuel  de  la  technique  nentre  la  falsabllltA  d' Interconnexions  par  fibres  optlques, 
en  partlculler  pour  la  rAallsatlon  de  bus  numArlques, 

Les  travaux  a effectuer  dans  I'avenlr  pour  Introdulre  ces  liaisons  au  stade  opAratlonnel 
relAvent  done  malntenant  plus  du  dAveloppement  et  de  1 'Industrialisation  que  de  la  recherche, 

1.  L' EVOLUTION  DES  MATERIELS  DE  BORD 


/ 


» 

i 


Les  posslbllltAs  ouvertes  par  I’Avolutlon  des  technologies  Alectronlques , Jolntes  au 
besoln  de  matArlols  de  plus  en  plus  performants  ont  conduit  A la  rAallsatlon  d' Aqulpements  ds  bord 
utlllsant  des  conposants  AlAmentalres  d'enconbrement,  de  polds  et  de  consommatlon  d'Anergle  rAdults. 

Un  des  exefrples  les  plus  frappants  A cet  Agard  est  I'Avolutlon  des  dlsposltlfs  transmettant  les 
ordres  des  cotnnandes  de  vol  A bord  d'un  avion. 

Certes,  les  dlsposltlfs  d'entrAe  d'ordres  sont  toujours  des  conmandes  manuelles  A la  dls* 
position  du  pilots,  le  systAme  de  ooitmande  aglssant  toujours  flnalenent  sur  une  gouverne,  ou  un 
roblnet  de  dAblt  de  carburant,  mals  la  chains  de  transmission  s’eat  grandement  modlflAe  depuls  que 
le  premier  avion  a prls  I’alr. 

Les  premiers  dlsposltlfs  comportalent  une  transmission  par  cAblas  et  trlnglerles. 

La  Vitesse  des  avlons  allant  croissant,  las  efforts  nAcesaalres  pour  braquer  les  gouvemes 
s'accrurant  sux  aussl,  II  devlnt  done  nAcessalre  de  venlr  en  aide  au  pllote  par  utilisation  de 
servoconmandes  hydraullques. 

L'avAnement  des  composants  seml-conducteurs  permit  de  rendre  ces  systAmes  plus  eouples 
d'emplol,  par  Introduction  dr  la  fonctlon  pilots  automatlque,  et  exploitation  des  posslbllltAs  de 
modification  des  caractArlstlques  dynamlques  de  rAponse  de  1 'avion  A une  solllcltatlon.  Cette  Atape 
a conduit  A Introdulre  des  liaisons  fllalres  pour  transmettre  las  ordres  sous  forme  de  slgnaux 
Alactrlques  analoglques. 

La  damlAre  Atape  eat  la  gAnArallsatlon  des  techniques  loglques  qul  permet  1 'IntAgratlon 
des  fonctlons  A bord  de  1 'avion.  Les  ordres  sont  alors  traltAs  at  transmls  sous  forme  numArlque. 

L'Avolutlon  qul  vlent  d'ttre  AvoquAe  a done  conduit,  pour  renpllr  une  mAme  fonctlon,  A 
passer  de  dlsposltlfs  de  transmission  mAcanlques,  d'abord  purement  passlfs,  puls  comportant  une 
anpllflcatlon,  A des  dlsposltlfs  Alectrlques  msttant  en  jeu  des  Anergles  de  plus  en  plus  falbles. 

2.  EFFET  DES  PERTURBATIONS  ELECTROMAGNETIOUES  SUR  LES  LIAISONS  FILAIRES  - 

Essayons  malntenant  d' examiner  de  plus  prAs  lea  perturbations  Alectrlques  las  plus  Importantes 
auxquellas  aura  A fairs  face  un  avion  et  Isur  effst  sur  les  llgnes  de  transmissions  A bord. 

On  prandra  comme  cas  d'Atude  une  liaison  telle  qua  calles  rsprAsentAes  A la  figure  1.  Ce 
paut  Atra  la  cas  de  la  transmtsalon  des  contnandes  de  vol  depuls  un  calculatsur  sltuA  dans  une  soute 
A Aqulpemsnt  Jusqu'A  une  ssrvocomnsnds  sltuAs  dans  la  queue  de  I’apparell, 

Lee  deux  avlons  reprAsantant  respect Ivemsnt  la  cas  d'un  chasseur  at  calul  d'un  gros  porteur 
(AUACS  per  sxanple). 
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Les  perturbations  envlsagdes  sont  l^lrrpulaion  61ectromagn6tlque  dtie  d une  explosion 

nucl6alre  i haute  altitude  et  le  foudrulement  de  I'avlon  en  vol.  On  trouve  h la  figure  2 les 
caract6ristlques  temporelles  das  deux  ph6nom6neB  (LANDT,  J.A,  1974|  STEWNS,  D.J*  1974* 

ROBB,  J.D,  1974) 

Le  couplage  de  1* avion  au  ph6nomdne  perturbateur  va  s'effecuter,  solt  par  effet 
d*antenne  dans  le  cas  de  I'lmpulslon  6 lectromagn^tlque  (LANDT,  J.A,  1974),  solt  par  excitation 
directs  en  courant  dans  le  cas  de  la  foudre* 

Las  c^blages  seront  alors  le  sldge  de  courants  et  tensions  que  I'on  peut  approxlmer 
par  des  slnusoldes  amortles  de  frequence 

. fo  10  MHz  pour  1* avion  1, 

. fo  3 pour  1' avion  2, 

et  ayant  une  p6rlode  d’amortlssement  de  I'ordre  d'une  dlzalne  de  rnlcrosecondes . 

En  admettant  une  attenuation  de  20  dB  au  niveau  de  la  peau  de  I'apparell,  on  est  conduit 
d estlmer  des  valeurs  cr&tes  des  courants  en  court-circuit  et  surtenslons  en  circuit  ouvert  telles 
que  celles  Indlquees  au  tableau  en  figure  3« 

On  volt  Immedlatement  apparaltre  le  probl^me  pos6  par  les  surtenslons  au  niveau  des  6qui- 
pements  d'extr6mlt6.  Dans  des  conditions  ou  une  lampe  avalt  des  chances  de  r6sister,  un  dtage  d'entrde 
d transistors  sera  certalnement  mis  hors  service. 

En  outre,  les  Evaluations  faltes  cl-dessus  supposent  que  la  peau  de  1 'avion  apporte  une 
attEnuation  irrportante  et  qu'elle  est  done  correctement  mEtalllsEe.  LA  encore  1 'Evolution  technolo~ 
glque  s’effectue  dans  un  sens  dEfavorable  avec  I’apparltlon  des  matErlaux  corrposltes  utlllsEs  pour 
gagner  du  polds  dans  la  rEallsatlon  des  structures  d'avions. 

4.  LES  MOYENS  DE  PROTECTION  - INTERET  DES  LIAISONS  OPTIQUES  - 

II  convlent  blen  sur  de  noter  qu'avec  1 'apparition  des  transmissions  numErlques,  les 
problEmes  de  conpatlbllltE  ElectromagnEtlque  ont  conduit  A prendre  des  prEcautions  qui  vont  dans  le 
bon  sens.  En  effet,  les  slgnaux  numErlques  cornportant  des  fronts  raldes  se  sont  avErEs  Etre 
d'lmportants  gEnerateurs  de  parasites.  Ils  ont  done  nEcessitE  I'errploi  de  palres  blfilalres  tor- 
sadEes  bllndEes  qul  mlnlmlsent  I' Interaction  de  slgnaux  vEhlculEs  en  mode  dlffErentlel  sur  de  tels 
cables  avec  I'envlronnement. 

Mals  hElas,  si  I'on  se  rEfEre  aux  anplltudes  des  slgnaux  perturbateurs  que  I’on  risque  de 
recuelllir  sur  une  palre  blfilalre,  mEme  si  I'on  escompte  un  aff albllssement  de  60  dB  pour  le  pas- 
sage au  mode  dlffErentlel,  on  volt  que  I'on  recuelllera  encore  plusleurs  volts,  voire  pluslaurs 
dlzalnes  de  volts  au  niveau  du  rEcepteur. 

De  tels  nlveaux  sont  inacceptables  pour  des  circuits  loglques  qul  rlsquent  alors  de  changer 
d'Etat  de  manlEre  Intempestlve. 

Ouelles  sont  done  les  solutions  envlsageables  ? 

On  peut  songer  A utlllser  des  cables  surblindEs  pour  obtenlr  une  attEnuatlon  supplEmentalre 
des  perturbations.  Ces  cables  devront  en  outre  Etre  A haut  Isolement  pour  supporter  des  surtenslons  de 
plusleurs  dlzalnes  de  kilovolts  pendant  plusleurs  rnlcrosecondes. 

Dans  ce  cas  11  faut  Egalement  dEcoupler  les  Equipements  d'extrEmltEs  par  des  transformat eurs 
A haut  Isolement  Egalement,  faute  de  quol  les  surtenslons  en  mode  common  dEtrulralent  ces  Equipements 
(voir  fig.  4). 

La  solution  relative  A la  protection  d'une  liaison  fllalre  cumule  done  isolement  et  blindage, 
sources  de  polds  et  d'encorTbrement , et  ne  devrait  done  Etre  consldErEe  que  corrine  un  pis-aller  par  les 
avlonneurs. 

Ces  InconvEnlents  des  liaisons  fllalres  ayant  EtE  mis  en  Evidence,'  les  liaisons  par  fibres 
optlques  apparaissent  comma  une  alternative  sEdulsante.  OEJA  mleux  que  oorTpEtltives  avec  les  liaisons 
fllalres  non  protEgEes  si  I'on  consldEre  leur  polds  llnElque,  elles  apportent  an  outre,  et  I'lsolement, 
et  le  blindage  ou  plus  exactement  elle  rendent  ce  dernier  Inutile. 
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5.  F/MSABILHE  DES  liaisons  par  fibres  OPTigUES  - 

Sans  revanlr  aur  la  posslblllt6  de  rialtsar  des  liaisons  point  A point  qul  ne  posant  pas 
de  probldras  techniques  particullers,  examinons  le  cas  d’un  bus  optlque,  avec  coime  objectlf  un  d6blt 
numArlque  de  3 Mbits  par  seconds  un  taux  d'erreur  de  10 entre  un  ensenble  de  19  tsrmlnaux,  ^ans  le 
cas  de  1' avion  2> 

L ' architecture  gAnArals  du  systdme  sst  rspr^ssntis  A la  figure  S,  la  longueur  maxlmale 
des  liaisons  sst  de  SO  m si  le  ooupleur  central  (fibre  inAlangeusel  est  correctement  placA  dans  I'avloo. 

Pour  des  raisons  de  synchronisation,  on  suppose  le  signal  cod6  biphase.  On  trouvs  A la 
figure  6 I'allure  ternporelle  du  signal  ainsl  qua  sa  densltA  spsctrale. 

La  rAallsatln  de  oe  bus  peut  se  falre  de  la  faqon  sulvarte  (fig. 7) 

- Amission  par  diode  Alactrolumlnescente 

- transmission  par  falscsau  de  fibres  multimodes.  Is  couplage  entre  Ametteur  st  falsceau, 
entre  deux  falscsaux,  entre  falsceau  et  rAcepteur  s’effectuant  par  fibre  mAlangeuse. 

- rAceptlon  par  photodiode  PIN. 

ConsldArons  le  bllan  AnargAtlque  d'lfie  telle  liaison. 

-g 

Pour  une  probabllltA  d'erreur  de  10  le  rapport  S/B  an  sortie  de  la  diode  PIN  dolt  5tre 
d'envlron  17  dB  si  I'on  dAcode  le  signal  blbphase  par  IntAgratlon  (THOMSON-CSF,  1974). 

Pour  passer  correctement  ca  signal  biphase  A 3 M blts/S,  11  faut  une  bands  passante  de 

SAB  MHz. 

La  puissance  Aqulvalente  de  bruit  de  la  photodiode  Atant  d'envlron  0,4  pW/l/Hz*.  la  puissance 
optlque  du  signal  repu  dolt  6tre  : 

Po  2 10  nW 

Le  bllan  des  pertes  s'Atabllt  comme  suit  dans  le  cas  le  plus  dAfavorable  (O'AURIA,  L.  et 


JACQUES.  A.,  1976). 

- couplage  diode  Alectrolumlneacente  - monoflbre  : S dB 

- couplage  monoflbre  falsceau  : 1 dB 

- ports  due  au  taux  de  remplissage  : 3 dB 

- couplage  falsceau  - monoflbre  : 1 dB 

- couplage  monoflbre  - photodiode  : 1 dB 

- 50  m de  falsceau  A 100  dB/Km  : 5 dB 

- couplsur  19  voles  : 20  dB 

' raccordaments  au  coupleur  : 5 dB 

- 30t  fibres  cassAes  par  tronpon  : 3 dB 

Pertes  totales  45  dB 


O'oO  la  puissance  nAcessalre  au  niveau  de  la  diode  Amettrlce: 

PI  • 0,3  m W 

Une  puissance  da  ImW  pouvant  Atre  obtenue  sous  falble  courant  au  niveau  de  cstta  diode, 
on  ne  rencontrera  pas  de  problAme  de  durAa  de  vie  pour  ces  composants. 

La  liaison  est  tolArants  au  niveau  da  la  prAclsion  d'ajustament  des  connactsurs  alnsi  qu'au 
niveau  das  cassures  de  fibres  (2  fibres  sur  un  falsceau  de  7 Flbresi  5 sur  un  falsceau  de  19). 

II  apparalt  nAanmolns  qu'un  posts  Important  au  bllan  des  pertes  est  dD  aux  connexions 
(5  dB  par  raccordamant  entre  deux  falscsaux). 
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II  en  rfisults  par  sxenplg  qu'on  ns  peut  sffectusr  ds  franchlsssmsnt  ds  clolsons 
Atanchss  sn  ssctlonnainent  cotnrB  11  sat  d'usaga  A moins  d’augmsnter  la  puissance  d'Amlsslon,  cs 
qul  se  fera  tvIdamnBnt  au  detriment  ds  la  durie  ds  vis  ds  la  dlods  Alsctrolumlnsscants. 

7.  LE  OEVELOPPEWENT  DES  TRWSWISSIONS  PAR  FIBRES  OPTiqUES  - 

Cscl  nous  amdne  tout  natursllsmsnt  i 6voqusr  las  travaux  nftcsssalrss  au  dtvsloppa- 
ment  des  systdmss  i flbrss  optlquss  sn  tant  qus  ncysna  op4ratlonnels  ds  transmission  i bord 
d'avlons. 

7.1.  Travaux  sur  Iss  connsxlons 

Le  premlsr  axe  d*  sTTort  consists  A r^dulrs  las  psrtss  au  niveau  des  connexions, 
par  example  en  connectant  les  falsceaux  fibre  A fibre.  Cette  solution  permettralt  ds  s'affranchlr  des 
psrtss  dans  la  fibre  m61angeuss  alnsl  gue  des  partes  dues  au  taux  de  rempllssags.  Ls  problems  auquel 
on  se  heurte  dans  ce  cas  sst  celul  des  toldrances  m4canlques>  sn  partlculler  sn  cs  qul  concerns 
la  rsprodurtlblllt6  du  dlamdtre  des  fibres,  condition  essentlelle  de  I'allgnement  des  coeurs  dans 
un  falsceau  multifibre. 

7.2.  Normal  Isat  Ion 

La  rerarque  formulde  cl-dessus  soul^ve  le  problems  de  la  concurrence  entre  c&ble  rronoflbre 
et  falsceau  multifibre  dans  les  applications  embarqu4es. 

SI  I'on  considers  que.  les  fibres  Stant  fraglles,  elles  dolvent  de  touts  fagon  Stre  prot6g6e8 
par  une  enveloppe  m6canlque  rdslstante,  alors  le  monoflbre  s' Impose.  51  par  centre  I'on  conslddre.  comme 
cela  paralt  gtre  Is  cas,  que  la  principals  source  de  cassures  est  la  torsion  des  fibres  lors  des  manipu- 
lations. alors  le  falsceau  de  fibres  apporte  une  redondance  qul  permet  d'utlllser  un  galnage  m6canlquement 
moins  resistant,  done  plus  16ger. 


De  touts  manl^re.  11  semble  souhaltable  que  le  nombre  de  fibres  dans  un  falsceau  rests  Infdrleur 
ou  6gal  i 19, 

En  outre  et  cecl  est  un  probldme  connexa  du  pr4c4dsnt.  le  ddvaloppament  das  fibres  se  fait 
de  manlfire  anarchlque  : dlverslt6  de  cotes  - dlamdtre  de  coeur  et  da  gains.  dlvaraltS  de  formulas 
condulsant  4 une  diversity  d' Indices  de  rfifractlon,  qul  nulsenti  la  compatlbllltfi  des  conposants.  Une 
telle  anarchle  ne  peut  que  frelner  I'essor  des  systdmes  d' Interconnexion  par  fibres  optlques. 


II  paraltralt  done  souhaltable  dans  ce  domains  d'filaborer  une  norma  dftflnlssant  la  nombre 
de  fibres  d'un  falsceau,  les  dlamgtres  et  Indices  de  refraction  du  coeur  et  de  la  gains  des  fibres,  de 
meme  qu'ont  6t6  adoptees  pour  las  cables  coaxlaux  les  Impedances  normallsees  de  50  et  75  A . 

7.3  Equlpements  d'extr6mlt6s 

Le  trolsieme  axe  d'effort  conceme  1 'adaptation  entre  les  liaisons  optlques  et  las  equlpements 

connectes. 

Cette  adaptation  conalata  pour  la  fabrlcant  ae  composanta,  4 devalopper  dos  emetteurs  et 
recepteurs.  Integrant  ou  non  les  conposants  optoeiectronlques,  mals  d'emplol  analogue  4 celul  des  ampll- 
flcateurs  de  llgne  pour  les  transmissions  sur  palres  blfllalres. 

De  tels  emetteurs  devralent  par  example  admettre  comme  entree  des  slgnaux  loglques  au 
standard  TTL,  accompagnes  en  parallels  par  un  signal  d'horloge  de  synchronisation,  les  recepteurs 
associes  restltuant  ces  deux  slgnaux. 

Pour  la  fabrlcant  d' equlpements,  cette  organisation  Inpllque  la  transmission  sequsntlslle  de 
1 'Information, 

7.4.  Probiemes  da  montage  et  de  maintenance 

Le  quatriems  axe  d'effort  conceme  1 'adaptation  des  liaisons  optlques  aux  techniques  de 
montage  et  de  maintenance  usuelles  en  aeronautlque.  II  convlendra  done  autant  que  falre  se  peut  de 
mlnlmlsar  la  remise  en  cause  des  m6thodes  de  travail. 

Cela  Inpllque  au  niveau  des  operations  ds  cSblage  la  posslblllte  de  couper,  de  condltlon- 
ner  les  extr^mltes  de  c4ble  optlque  et  ds  nontar  les  connseteurs  dsns  les  conditions  rsnoontrees  dans 
un  atelier  ds  c4blage. 

II  convlent  done  de  developpsr  das  outlls  slnplss  d'enplol,  ns  demandant  si  possible  pas  plus 
de  dexterlte  de  la  part  du  c4bleur  que  le  manisment  du  far  4 souder. 

Cela  Impllque  Agalament  : 

- solt  d'lncorporsr  aux  recepteurs  une  commands  automatlque  de  gain  Isur  assurant  une  dynonlque 
de  fonctlonnement  ccnpatlbls  avec  la  dynamlque  des  attenuations  dans  les  ressaux  d'lntercon- 
nexlon  conplexes, 

- solt  d'lnclure  dsns  css  reseaux  des  dlsposltlfs  egallsaurs  ds  puissance  optlque  (PORTER  D.R 
at  REESE  J,R,  1976). 


f 

^ 


Cela  Irnpllque  enfln  un  effort  au  niveau  des  connecteurs  qul  devront  aupporter  le  montage 
et  le  ddmontage  dans  une  soute  d' avion  sans  n^cesslter  I'arrtilance  d6poussl4r6e  d'une  salle  blanche. 
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8.  CONCLUSION 

Lbs  fibres  optlques  abordent  maintonant  ce  qul  peut  6tre  con3ld6r6  comme  une  phase  de 
d^veloppement  pr6c6dant  leur  Introduction  opiratlonnelle  h bord  des  avlons  mllltalres. 

L'6tat  de  la  technique  permet  dores  et  d6j8  de  rfipondre  8 des  besolns  ponctuels  portant 
sur  des  liaisons  point  8 point. 

On  peut  done  espfirer  voir  le  probl8me  de  la  protection  des  liaisons  8 bord  d'avlon  contre 
les  perturbations  81ectromagn8tlques  r6solu  de  manl8re  plus  18g8re  que  ne  le  permettent  les  techno- 
logies fllalres  actuellss. 

Toutefols  les  probl8mes  de  protection  au  niveau  des  alimentations  et  des  circuits  Internes 
des  8qulpements  restera  Justiciable  des  m^thodes  de  protection  classlques. 

On  peut  esp8rer  que  le  gain  de  polds  apportg  par  les  liaisons  optlques  augmentera  la  marge 
de  manoeuvre  pour  les  proteotlons  classlques  restant  8 mettre  en  oeuvre. 
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SUMMARY 


Physical  and  optical  test  results  are  given  for  several  undersea,  low  loss,  optical 
and  electro-optical  cable  tinlts.  Diameters  for  these  cables  range  from  1.0  nin  to  17.5  mn, 
and  all  were  designed  to  operate  in  environments  of  high  tensile,  bending  and  hydrostatic 
stresses.  Design  constraints  necessary  to  isolate  the  optical  fibers  from  such  stresses 
are  described.  Design  details  and  rationales  are  given  for  each  cable  unit.  Continuing 
technical  problems  and  probable  solutions  are  discussed. 


1 . INTRODUCTION 


The  last  decade  has  seen  a rapid  increase  in  the  degree  of  sophistication  required 
of  cable-controlled  systems  which  must  carry  out  search,  recovery.  Inspection  and  general 
work  operations  on  or  near  the  deep  sea  floor.  This  sophistication  has  precipitated  a 
serious  conMict  between  the  simultaneous  needs  for  higher  Information  bandwidth  and 
reduced  cable  diameter.  Much  higher  (multi-megahertz)  bandwidth  is  required  to  support 
such  tools  as  search  and  mapping  sonars,  chemlcal/magnetic/nuclear  sensors,  and  high 
resolution,  real-time  television  (even  stereo  TV).  Much  smaller  cable  diameter  is  needed 
to  reduce  drag  and  to  improve  system  depth  performance  in  a towing  mode  or  in  the  face  of 
ocean  currents. 

While  cable  bandwidth  and  diameter  are  the  chief  protagonists  in  this  conflict, 

other  cable  parameters strength,  flexibility,  air  weight,  In-water  weight,  payload 

capacity,  power  transfer  and  operational  safety  factors play  important  roles.  If  these 

"secondary''  parameters  are  critical,  then  bandwidth  is  normally  sacrificed  and  system 
sensor  performance  is  degraded.  If  bandwidth  requirements  cannot  be  relaxed,  then  system 
compromises  may  take  several  forms.  The  cable's  diameter  may  grow  beyond  desirable 
limits,  so  that  storage  volume,  handling  system  dimensions' and  sens'ltlvlty  to  currents  are 
pushed  to  their  limits.  Additional  electrical  conductors  may  be  required,  adding  weight 
but  not  strength  to  the  cable,  so  that  the  system's  safety  factor  (ratio  of  cable  strength 
to  maximum  static  cable  tension)  is  reduced  below  a safe  level. 

The  problem  is  not  limited  to  the  deep  sea  search  or  work  system  (Slgel,  G.H. , 

1976) . It  will  be  encountered  whenever  high  frequency  information  must  be  transmitted 
through  a cable  which  has  an  overly  constrained  diameter.  Other  examples  are  numerous; 
the  data  link  between  a deep  sonobuoy  and  its  surface  transmitter,  a video  data  tether 
between  a diver  and  a remote  monitoring  station,  and  the  monitor/control  link  for  a wire- 
guided  torpedo.  In  many  undersea  systems,  the  need  for  data  at  high  (to  megahertz)  rates 
is  stymied  by  conventional  cables  which  are  diameter-limited  to  much  lower  bandwidths. 

As  an  illustration,  consider  a typical  tether  cable  (Fig.  1),  commonly  used  to  tow 
instrumentation  packages  at  depths  to  6 km.  The  cable's  rated  breaking  strength  is 
15,400  kg*.  Its  weight  in  air  is  1050  kg/km,  which  corresponds  to  an  over-the-slde  weight 
of  about  5100  kg  for  tethered  operations  to  6 km.  System  safety  factor  with  no  payload, 
is  3,  which  is  uncomfortably  less  than  the  value  of  5 normally  required  for  lifting  and 
towing  operations  at  sea.  Addition  of  any  payload  weight  will  further  reduce  this  safety 
factor.  Cables  of  this  type  are  often  used  to  support  deep  tow  operations  at  a safety 
factor  which  approaches  2.  The  incidence  of  cable  failures  is  high. 

Telemetry  attenuation  for  the  cable  in  Fig.  1 is  about  5.9  dB/km  at  a frequency  of 

1.0  MHz.  If  an  8-km  cable  length  is  needed  to  ensure  package  deployment  to  a depth  of  6 

km,  then  the  highest  frequency  that  can  be  passed  through  the  cable  and  reconstructed  (60 

dB  total  attenuation)  is  1.6  MHz.  This  is  insufficient  to  transmit  real-time  television 

without  severely  degraded  resolution,  and  will  certainly  not  allow  real-time  stereo  TV. 

It  has  marginal  capability  for  support  of  today's  high  resolution,  high-search-rate 
sonars.  If  there  is  a requirement  to  simultaneously  operate  two  or  more  such  sensor 
systems,  the  cable  is  totally  inadequate.  In  fact,  a usable  bandwidth  of  30  to  50  MHz 
will  be  needed  to  simultaneously  transmit  data  from  all  of  the  sensors  that  should  be 
Included  in  an  effective  deep  sea  search  or  mapping  system. 

The  historical  approach  to  the  bandwidth  problem  for  a coaxial  cable  has  been  to 
increase  the  diameter  of  the  dielectric  spacer,  while  maintaining  constant  coverage  by  the 
shield  conductor.  (The  latter  step  controls  radiation  leakage,  but  adds  dead  weight  to 
the  cable.)  Assume,  for  example,  that  the  dielectric  O.D.  of  the  cable  in  Fig.  1 is 
increased  from  0.706  cm  to  2.54  cm  (i.e.,  a type  SD  transoceanic  telephone  cable).  The 
limiting  frequency  for  60  dB  attenuation  over  an  8-km  length  becomes  33  MHz — but  the 
cable's  diameter,  storage  voliaae,  drag  cross  section  and  weight  must  all  rise.  A much 


This  paper  will  use  those  units  which  are  normally  measured  in  the  laboratory  or  the 
field — e.g.,  kg  rather  than  newtons,  and  kg/cm2  rather  than  N/m2  or  pascals. 
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longer  cable  will  be  needed  to  compensate  for  the  effects  of  current  drag,  so 'that  part  of 
the  additional  bandpass  is  lost.  The  dead  weight  due  to  additional  copper  in  the  cable 
will  undoubtedly  reduce  the  system's  safety  factor.  Finally,  a larger  handling  system  and 
ship  will  be  required  to  carry  and  deploy  the  new  cable.  In  suomary,  a conventional 
approach  which  narrowly  focused  on  the  need  for  greater  cable  bandwidth  has  forced  the 
entire  system  to  grow  to  monstrous  proportions  and  cost. 

Some  of  this  penalty  can  be  alleviated  through  use  of  special  cable  materials; 
e.g.,  lightweight  loadbearing  and  electrical  elements  (Wilkins,  G.A.,  197Sa,  197Sb,  l97Sc 
and  i976a) . Substitution  of  DuPont's  KEVLAR-29  or  KEVLAR-49  for  steel  tension  members  can 
reduce  cable  weight  and  Increase  the  system  safety  factor.  This  approach  does  nothing, 
however,  to  alleviate  the  basic  dependence  of  bandwidth  on  cable  diameter.  This  is  the 
primary  role  for  the  fiber  optic  data  link,  and  the  reason  why  our  laboratories  formed  a 
technical  partnership  to  attack  the  bandwidth/diameter  constraint  through  the  use  of 
optical  fiber  technology. 

The  program  goal  has  been  the  development  of  a family  of  reliable,  fiber  optic, 
undersea  cables.  These  range  from  a miniature  data  link  for  tethering  of  self-powered 
systems,  to  optical  units  that  can  be  assembled  into  larger,  relatively  conventional, 
electromechanical  cables  to  support  system  data  transmission  functions.  Sponsorship  has 

also  been  by  partnership the  Defense  Advanced  Research  Projects  Agency  because  of  its 

Interest  in  deep  ocean  work  cables,  the  Naval  Air  Systems  Command  in  sonobuoy  technology, 
and  the  Naval  Electronic  Systems  Connand  in  general  undersea  cable  technology.  All  fiber 
otanufacturing  and  cable  assembly  phases  of  the  program  have  been  carried  out  by  private 
Industry,  as  identified  in  Section  6. 

2.  DESIGN  CONSTRAINTS  ON  THE  OPTICAL  FIBER 


We  have  found  four  properties  of  the  optical  fiber four  modes  of  response  to  a 

local  environment to  be  of  dominant  importance  in  the  design  of  fiber  optic  cables. 

These  are  contamination  by  water,  microbending,  curvature  of  the  symmetry  axis,  and  axial 
(tensile)  strain.  The  design  of  an  effective  optical  fiber  cable  must  acconmodate  each  of 
these  properties  (Wilkins,  G.A.,  1976b). 

2.1.  Water  Contamination 


A glass  fiber  will  weaken  and  ultimately  fail  if  it  is  simultaneously  exposed  to  a 
humid  environment  and  to  tensile  stress.  The  mechanism  (Gulatl,  S.T.,  1975)  is  probably 
an  interaction  of  the  hydroxyl  ion  with  the  walls  of  minute  cracks  or  crazing  in  the  fiber 

surface.  The  result analogous  with  stress  corrosion  in  metals is  that  these  cracks 

propagate  into  the  fiber  cross  section  until  the  unit  fails. 

If  the  fiber  is  not  under  tensile  stress,  this  weakening  is  much  less  evident  and 
may  not  exist  at  all.  The  design  constraint,  therefore,  has  two  components.  The  fiber 
must  be  protected  from  direct  exposure  to  water  molecules.  In  undersea  applications,  this 
is  a difficult  or  impossible  task,  since  the  cable  may  be  required  to  operate  for  years  in 
a high  pressure  (to  700  kg/cm^)  environment.  Second,  the  fiber  should  be  maintained  at  as 
low  a tensile  stress  as  possible. 

Many  coating  materials  have  been  evaluated  for  their  ability  to  provide  short  term 
(to  hundreds  of  hours)  isolation  of  optical  fibers  from  water  at  high  pressure.  These 
include  ethylene  vinyl  acetate  (EVA),  fluorocarbon  resins  (TEFLON^) , polyvinylidene 
fluoride  (KTNARR) , and  polyester  elastomers  (HYTREL^) . The  material  must  have  extremely 
low  permeability,  and  must  form  a smooth,  intimate,  continuous  coating  on  the  fiber.  Best 
results  are  obtained  if  the  coating  is  applied  by  extrusion  (actually  "pulltrusion") , as 
an  in-line  step  in  the  fiber  drawing  process.  The  coating  must  be  applied  before  the 
fiber  can  be  contaminated  by  atmospheric  water  or  dust,  and  before  it  can  contact  any 
external  surface. 


2.2  Fiber  Microbends 


This  "buffering"  layer  has  a second  critical  function;  it  must  stiffen  and  isolate 
the  optical  fiber  to  reduce  its  tendency  to  conform  to  adjacent  roughened  surfaces. 
Examples  of  such  surfaces  Include  a storage  reel  or  deployment  sheave,  the  insulation 
around  adjacent  conductors  within  a cable,  and  crossovers  due  to  Improper  winding  of  the 
optical  cable  unit  on  a storage  reel.  Such  "microbending"  has  two  serious  impacts. 

First,  it  increases  radiation  losses  in  the  fiber's  higher  order  modes  which,  in  order  to 
remain  in  phase  ifhile  transiting  the  outside  of  the  bend,  would  have  to  exceed  the  speed 
of  light  in  the  medium.  Second,  it  increases  mode  coupling,  which  converts  lower  order 
laodes  into  higher  (more  lossy)  orders.  These  effects  can  drastically  Increase  the  fiber's 
optical  attenuation.  Olshansky  (1975)  has  shown  that,  for  the  case  of  a 125-ym  fiber 
passing  over  a single  12-um  bu^,  the  additional  attenuation  can  be  0.15  dB.  Multiple 
microbends  of  this  type  in  an  actual  cable  can  increase  fiber  attenuation  by  hundreds  of 
dB.  One  of  our  early  attempts  to  strengthen  a poorly  buffered  fiber  with  a matrix  of  9-tim 
S-Glass  filaments  in  epoxy  resulted  in  more  than  1400  dB/km  of  additional  attenuation. 

The  fiber  buffering  annulus  can  give  almost  complete  protection  against  microbends. 
To  do  so,  it  SHist  have  sufficient  rigidity  (comprasslve  stoduius)  to  support  the  fiber 
against  localized  bending  or  buckling.  It  must  also  be  sufficiently  plastic  to  transmit 
external  anisotropic  stresses  to  the  fiber  as  though  they  were  radially  isotropic.  The 
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buffer's  composition  must  be  uniform,  and  Its  outer  surface  smooth  and  circular.  Gloge 
(1975)  recommends  a compound  buffering  Jacket,  with  a hard  Inner  structure  and  a soft 
outer  shell.  Our  own  experience,  described  below  and  In  the  section  on  experimental 
cables.  Is  somewhat  different. 

Two  DuPont  materials TEFLON  PFA  and  HYTREL have  shown  the  greatest  promise  In 

satisfying  the  several  functions  we  require  of  the  fiber  buffer.  Both  have  been  applied 
over  an  Initial  coating  of  silicone  RTV  (SYLGARD^) . Of  the  two  buffering  materials,  HYTREL 
Is  preferred  because  of  (1)  Its  lower  melt  temperature,  and  (2)  TEFLON's  tendency  at  high 
temperature  to  chemically  react  with  the  walls  of  the  extrusion  cavity.  This  reaction 
produces  tiny  carbon-llke  flakes,  which  flow  through  the  die,  become  fixed  within  the 
buffer  annulus,  and  may  act  as  local  microbend  centers.  The  two  buffering  materials, 
compared  In  Table  1,  have  been  applied  by  ITT  (Roanoke,  Virginia)  under  contracts  with  our 
laboratories. 

2.3.  Effects  of  Optical  Fiber  Curvature 

In  general  use,  any  optical  fiber  will  be  stored  on  a reel,  or  assembled  as  a helix 
In  a cable  structure,  or  both.  These  operations  will  Impose  a curvature  on  the  fiber  and, 

therefore,  will  also  Induce  radiation  losses  and  mode  coupling.  The  radius  of  this  type 

of  bend  Is  large  compared  to  the  fiber  radius,  so  that  the  relative  Induced  attenuation 
should  be  much  less  than  It  Is  for  microbending.  However,  the  entire  cable  Is  Involved  In 

the  "macrobend” , so  that  total  attenuation  Impact  may  be  quite  large.  This  may  cause 

serious  operational  problems,  since  the  attenuation  of  the  stored  fiber  may  be  much 
greater  than  that  of  the  same  fiber  after  unreeling  and  deployment. 

Gloge  (1972)  predicts  that,  at  a wavelength  of  1000  nm,  a step  Index  fiber  will 
almost  Immediately  lose  one-half  of  Its  transmission  modes  if  the  radius  of  curvature  Is 
equal  to  the  diameter  of  the  optical  core  divided  by  the  relative  Index  difference  between 
core  and  cladding.  For  a core  diameter  of  0.1  mn,  and  relative  Index  difference  of  0.01, 
this  critical  radius  is  1 cm.  In  the  case  of  the  graded  Index  fiber,  the  corresponding 
radius  Is  twice  as  great.  Mode  coupling  will  tend  to  replenish  these  high- loss  modes,  so 
that  bending  attenuation  will  continue  to  reduce  the  Intensity  of  the  transmitted  light. 

The  onset  of  curvature -Induced  attenuation  will  be  extremely  rapid.  As  Gallawa 
(1976)  points  out,  not  only  will  the  optical  power  loss  In  bending  be  an  exponential 
function  of  the  bending  attenuation  coefficient,  but  that  coefficient  will  itself  be  an 
exponential  function  of  the  fiber  radius  of  curvature.  This  means  that  a relatively  small 
change  In  the  fiber's  radius  of  curvature  can  Increase  bending  losses  from  negligible  to 
dominant  levels. 

The  fiber's  curvature  is  also  constrained  by  Its  strength  or,  more  realistically, 
by  Its  allowable  strain.  If  an  optical  fiber  of  (cladding)  diameter  d Is  wrapped  around  a 
cylinder  of  radius  R,  then  the  relative  tensile  strain  on  the  fiber's  outermost  surface 
will  be  E compared  to  that  of  the  (neutral)  axis  of  fiber  symmetry,  where; 

1 + e - (R  + d)/(R  + d/2)  (1) 

If  the  cylinder  radius  Is  1 cm  and  the  fiber  diameter  125  pm,  this  surface  strain 
will  be  more  than  0.6X.  Such  a value  Is  small  compared  to  reported  average  fiber  breaking 
strains  of  A — 6%.  It  Is  quite  large  compared  to  the  "weak  link"  breaking  strains  we  have 
encountered  In  kilometer  lengths  of  production  optical  fibers. 

Two  years  ago,  the  strongest  optical  fibers  available  had  approximately  a 507. 
probability  of  breakage  when  1 kilometer  was  exposed  to  a proof  strain  of  0.257,.  We  have 
recently  been  able  to  purchase  (at  a fixed  price)  kilometer-length  optical  fibers,  both 
step  and  graded  index,  which  have  survived  a manufacturer's  proof  test,  to  a stress  of  7000 
kg/cm^.  This  Is  equivalent  to  a proof  strain  of  IZ.  It  seems  reasonable  that,  within  one 
or  two  years,  very  long  fibers  can  be  purchased  to  specifications  of  2Z  (or  even  higher) 
demonstrated  survival  strain. 

Until  this  capability  Is  well  established,  however,  we  have  arbitrarily  Imposed  a 
minimum  fiber  radius  of  curvature  of  5 cm  In  the  design  of  all  optical  cables.  This  Is 
equivalent  to  a differential  bending  strain  of  0.125Z  for  a fiber  with  an  overall  diameter 
of  125  pm.  Love's  (1976)  criterion  of  proof  testing  states  that  the  ability  of  a brittle 
material  to  survive  for  very  long  periods  (e.g.,  20  years)  at  a given  strain  level  can  be 
verified  by  subjecting  it  for  a short  period  to  a strain  three  times  greater.  In  our 
case,  the  ratio  of  proof  strain  to  bending  strain  is  8/1,  which  should  leave  an  adequate 
margin  for  residual  (assembly)  tensile  strains. 

2.4.  Fiber  Tensile  Strain  and  Strain  Relief 

In  treating  the  tensile  properties  of  optical  fibers,  the  literature  normally 

focuses  on  the  need  for  higher  fiber  ultimate  strength.  We  find  that  fiber  strain l.e., 

the  highest  achievable  straln-to-break  In  a long  fiber Is  a more  meaningful  property  In 

cable  design.  The  two  parameters  are,  of  course  related  via  the  fiber's  tensile  modulus. 
But  expressing  the  need  In  terms  of  strain  allows  the  materials  scientist  the  potentially 
useful  freedom  to  adjust  strength  and  modulus,  rather  than  strength  alone. 

The  optical  fiber  should  never  be  expected  to  carry  an  appreciable  load.  First  of 
all,  it  cannot.  Even  If  we  were  able  to  Increase  the  minlanim  strength  of  long  optical 
fibers  by  a factor  of  10  (to  70,000  kg/cm^) , a 125-pm  fiber  could  survive  a load  no 
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greater  chan  8.6  kg.  This  Is  negligible  compared  Co  Che  strength  required  In  most  under- 
sea cables.  Ocher  cable  elements  must  carry  Che  tensile  load.  These  elements  will  have 
two  primary  functions;  to  provide  the  strength  necessary  to  absorb  the  design  cable  load 
with  an  acceptable  safety  factor,  and,  while  so  doing,  to  provide  adequate  strain  relief 
for  Che  optical  flber(s).  The  question  of  "How?"  this  Is  Co  be  done  Is  a proper  subject 
for  cable  design.  We  are  proceeding  along  three  principal  paths. 

2.4.1.  Fibers  With  Higher  Ultimate  Strain 

As  stated  earlier.  It  Is  now  possible  to  buy,  at  a fixed  (but  high)  price,  very 
long  optical  fibers  that  have  been  proof  tested  to  17.  strain.  This  strain  level  allows 
the  full  strength  of  such  hlgh-modulus  loadbearing  materials  as  boron  and  graphite  to  be 
achieved  In  a cable.  At  this  strain,  steel  wires  will  be  loaded  to  their  yield  stress. 
When  2X  fibers  are  available,  the  ultimate  stress  of  KEVLAR-49  can  be  achieved.  At  4% 
strain,  the  same  will  be  true  for  KEVLAR-29  and  S-Glass.  (Note  that  fiber  strength  Is  not 
mentioned  In  this  projection.) 

We  believe  that  optical  fiber  "strength"  objectives  should  be  threefold.  First, 
the  minimum  or  weak-llnk  strain  of  the  optical  fiber  must  be  Increased  toward  Che  limits 
Just  given.  Second,  these  limits  must  be  achievable  over  longer  fiber  lengths,  with  a 
goal  of  10  kilometers  or  the  projected  distance  between  signal  repeaters,  whichever  Is 
greater.  Finally,  these  fiber  strain  properties  must  show  little  or  no  degradation  with 
age  or  (normal)  cable  usage. 

2.4.2.  Higher-Modulus  Loadbearing  Elements 

For  any  given  cable  load,  Che  strain  on  the  optical  fiber  will  decrease  as  Che 
tensile  modulus  of  Che  loadbearing  section  Is  Increased.  This  factor,  considered  alone, 
would  Indicate  a favored  position  for  such  loadbearing  materials  as  graphite  and  boron, 
since  their  tensile  modulus  can  be  as  much  as  657.  greater  than  that  of  steel  and  5 times 
greater  Chan  glass.  But  boron  and  graphite.  In  addition  to  being  expensive  and  difficult 
to  process,  are  extremely  stiff.  Although  one  of  our  contractors  has  built  prototype, 
optical  fiber,  cable  units  using  both  material,  results  to  date  have  been  unsatisfactory. 
The  cable  units  are  so  stiff  that  they  fall,  under  pure  bending  loads,  at  sheave/cable 
diameter  ratios  of  50/1. 

The  development  work  reported  here  has  concentrated  primarily  on  (stranded)  steel 
and  HTS  901  S-Glass  tension  members.  These  materials  have  given  the  best  compromise 
between  Che  conflicting  needs  for  high  modulus  and  flexibility.  They  also  give  the 
optical  cable  unit  sufficient  usable  tensile  strength  that  It  can  readily  be  handled  by 
modem  high  speed  cabling  machinery  when  the  unit  Is  to  be  assembled  Into  a more  complex 
cable  structure. 

Our  program  has  made  little  use  of  KEVLAR  to  date,  primarily  because  of  Its  low 
rigidity  in  compression.  One  cable  unit  (reported  later  In  this  paper)  did  use  KEVLAR-49, 
but  only  to  furnish  handling  strength  while  Che  unit  was  assembled  as  Che  optical  core  of 
a larger  electromechanical  cable.  During  this  assembly,  the  unit  was  maintained  under 
constant  and  controlled  tension.  We  are  planning  Co  make  use  of  "hybrid"  loadbearing 
structures;  especially  composites  of  KEVLAR-49  and  S-Glass,  with  the  first  material 
supplying  the  modulus  and  Che  second  a predictable  degree  of  stiffness. 

2.4.3.  Strain  Relief  Through  Cable  Geometry 

The  third  design  path  assembles  the  optical  fiber  as  a helical  element  In  Che  cable 
structure,  and  offers  two  potential  gains.  First,  It  allows  Che  fiber  Co  cycle  around  the 
cable  axis  of  synmetry  (Che  neutral  or  unstrained  axis  during  bending).  When  the  cable  is 
Chen  bent  around  a sheave  or  reel,  Che  fiber  alternates  between  the  axially-compressed  and 
axlally-tensloned  sides  of  the  helix.  If  Che  fiber  Is  loosely  held  in  the  structure,  Che 
average  effect  (over  one  helix  cycle)  Is  as  chough  It  Is  continuously  on  the  neutral  axis. 

When  applied  to  KEVLAR-49 another  non-yielding  material this  helix  structure  gave 

nearly  a 1000/1  Increase  In  flexure  lifetime  (Wilkins,  1975a). 

In  addition,  the  helical  optical  fiber  Is  given  a measure  of  strain  relief  when  the 
cable  Is  subjected  to  tensile  loading.  This  advantage  is  rather  limited,  especially  If 
Che  design  goal  Is  a cable  with  a diameter  only  a few  times  greater  than  that  of  the 

optical  fiber.  Consider  the  best  possible  helix an  optical  fiber  contained  within  a 

hollow  Cube.  Except  for  Its  ends,  which  are  fixed  to  the  ends  of  the  Cube,  Che  fiber  has 
total  freedom  of  stoCion.  Along  the  tube,  Che  fiber  axis  Is  defined  by  the  helix  mean 

?lCch  diameter  D,  and  by  Che  helix  angle  9.  Relative  to  Che  length  of  the  tube  (Z) , the 
Iber  length  Is  defined  by; 

X - Z/Cose  (2) 

If  Che  Cube  ends  are  gripped  and  stretched,  the  fiber  helix  will  begin  to  collapse.  The 
fiber  will  experience  no  tensile  strain  until  the  tube  has  suffered  an  absolute  strain  of 
6 (that  Is,  a relative  strain  of  o • 5/Z) , where; 

a - 6/Z  " (1  - Cose)/Cos0  (3) 

In  terms  of  the  mlnlmuoi  required  strain  relief  a,  this  defines  a minimum  value  for  the 
fiber  helix  angle  9. 
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0 > Co8*l(l/l+o)  (4) 

The  maximum  allowable  value  for  0 Is  sec  by  P,  Che  minimum  allowable  radius  of  curvaCure 

for  Che  opClcal  fiber. 

P - D/2Sln20  (5) 

so  ChaC; 

0 < Sin'^(D/2P)^  (6) 

Equaclons  (6)  and  (4)  define  Che  upper  and  lower  bounds,  respecclvely,  for  Che 
opClcal  fiber's  helix  angle  In  Che  cable  scruccure.  These  llmlcs  are  ploCCed  in  Fig.  2, 
corresponding  Co  our  own  design  consCralnCs  of  a minimum  fiber  sCrain  relief  of  0.5%  and  a 
S-cm  minimum  radius  of  fiber  curvaCure.  NoCe  how  confining  Che  allowed  G--D  space  is. 

The  full  sCory  is  even  worse,  since  Che  non-zero  cross  secclon  of  Che  fiber  muse  be 
considered.  For  Che  geomecrical  consCrainCs  Jusc  sCaCed,  and  a 125-Mm  fiber  buffered  Co  a 
dlameCer  of  0.05  cm,  no  helix  wich  an  overall  dlameCer  less  Chan  0.149  cm  is  allowed. 

Cable  dlameCer  is  now  11.9-cime8  greaCer  Chan  ChaC  of  Che  opClcal  fiber a faccoc  of  142 

growch  in  cross  seccional  area jusc  Co  achieve  a 0.5%  sCrain  relief. 

We  have  concluded  ChaC  Che  fiber  helix  is  only  a parcial  soluCion  for  Censile 
SCrain  relief  of  Che  minlacure  opClcal  cable  unlC;  l.e.,  any  cable  wlCh  an  ouCer  dlameCer 
less  chan  abouC  10  Cimes  Che  dlameCer  of  Che  bare  fiber.  The  helix  has  considerable 
value,  however,  in  relieving  Che  fiber  from  bending  scresses,  and  cerCaln  design  crlcerla 
can  be  applied  coward  ChaC  appllcacion.  One  of  Chese  is  ChaC  Che  fiber  helix  should  pass 
Chrough  ac  lease  one  full  cycle  wlchln  Che  arc  lengCh  of  a cable  bend.  Assume  ChaC  Che 
cable  makes  a 90-deg  bend  around  a 5-cm-radius  sheave,  so  Chac  Che  concacC  arc  lengCh  (L) 
is  3.93  cm.  If  Che  mean  picch  dlameCer  (D)  of  Che  opClcal  fiber  in  iCs  helix  is  0.10  cm, 
Chen  Che  minimum  helix  angle  required  Co  give  Chls  cycle  lengch  is; 

0 > Tan'^(TrD/L)  - 4.57  deg  (7) 

As  Equaclon  (6)  and  Fig.  2 verify,  Chls  helix  angle  can  be  increased  Co  as  much  as  5.74 
deg  wichouc  vlolacing  Che  radius  of  curvaCure  limlCacion.  AC  Che  larger  angle,  Che  helix 
cycle  lengch  will  be  3.13  cm. 

3 . EXPERIMENTAL  CABLES 


Alchough  several  cables  have  been  designed,  builc  and  tested  during  Che  ;.asc  cwo 
years  of  our  program,  only  four  will  be  reporced  here.  The  smallesC  is  a single-fiber 
opClcal  cable  unic,  wichouc  conduccors,  InCended  Co  model  boCh  a minlacure  daCa  link  for 
use  wich  an  undersea,  self-powered,  InscrumenC  package,  and  an  opClcal  daCa  link  in  a more 
complex  cable.  The  largesc  is  a complece  elecCromechanlcal  cable,  InvesCigaCed  as  a 
poCenclal  replacemenC  for  Che  Cype  of  convencional  cable  described  in  Fig.  1.  Designs  and 
design  philosophies  for  Chese  four  cables  are  described  below.  TesC  resulcs  will  be  given 
in  SecCion  4. 

3.1.  Single-Fiber  Minlacure  Cable 

This  cable,  lllusCraCed  in  Fig.  3,  was  fabrlcaced  Co  explore  minimum  dlameCer 
limics  for  a simple  opclcal  cable  which  combined  (a)  low  addlclonal  aCCenuaCion  due  co 
cabling  sCresses,  (b)  sensibly  high  Censile  screngch  and  modulus,  and  (c)  Che  flexlbllicy 
and  flexure  resiscance  co  allow  reeling  and  loaded  flexure  wich  a 5-cm  curvaCure  radius. 
When  used  wich  a self-powered  inscrumenc  package,  ic  could  serve  as  Che  encire  supporc 
cable.  Alcernacively,  iC  mighc  be  assembled  inCo  a more  complex  elecCromechanlcal  cable 
of  arbicrary  dimensions  and  performance. 

As  shown  in  Fig.  3,  Che  opclcal  fiber  is  colncidenC  wich  Che  cable  axis.  The  fiber 
could  have  been  assembled  as  a helix,  buc  Che  gains  would  have  been  minor  compared  wich 
Che  complexicy  and  risk  of  such  an  operaclon.  In  Che  limiclng  helix,  Che  manufacCurer's 
TEFLON  buffer  would  have  been  cangenc  Co  Che  unic's  ouCside  surface.  This  would  have 
forced  Che  loadbearing  sCrucCure  Co  also  be  a helix,  resulclng  in  considerable  roCacional 
Corque  under  censile  loading.  The  larges C helix  angle  Chac  could  have  been  chosen  wichouc 
vlolacine  our  5-cm  radius  of  curvaCure  conscralnc  was  5.41  deg;  corresponding  Co  a helix 
lengch  of  2.95  cm,  and  a cheoreClcal  sCrain  relief  of  0.45%.  AcCual  scrain  relief  would 
have  been  less,  since  radial  shrinkage  of  Che  fiber  helix  would  have  been  reslsced  by  a 
cenCral  core. 

The  loadbearing  S-Class  fllamenCs  in  Che  cable  are  paraxial,  and  occupy  a 64% 
volume  fraccion  wlchin  Cheir  annulus.  This  is  reasonably  close  Co  Che  itM  CheoreClcal 
limlc  for  squarecencered  p.icking.  Ideally,  Chese  filamencs  would  have  been  IncorporaCed 
as  a Cwo-layer  conCrahellx,  Co  ioiprove  flexibillCy  while  maincalnlng  a zero-Corque  con- 
flguraClon.  We  siay  accesipc  Co  do  chls  in  Che  fuCure,  buc  Che  required  Cooling  cosCs  are 
currenCly  beyond  che  level  of  available  funds. 

A concerced  efforC  was  made  Co  fabricaCe  Che  cable  wich  a void-free  consCrucClon. 
The  cable's  weighc  is  2.09  kg/km  in  air  and  0.84  kg/km  in  seawaCer.  Ics  average  breaking 
screngch  of  255  kg  corresponds  Co  a (cable  only)  safeCy  facCor  of  51  for  operaCions  Co  a 
depch  of  6 km.  The  cable  can  carry  a package  wich  an  In-waCer  weighc  of  46  kg  co  Chis 
depch,  while  maincalnlng  a ayscem  safeCy  facCor  of  5.  The  8 km  of  cable  necessary  co 
f supporc  chis  operaclon — including  scorage  reel — can  easily  be  carried  by  one  man.' 

/ 
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Why  did  we  choose  S-Glass  with  Its  low  modulus  and  4.57.  breaking  strain?  First, 
the  choice  of  loadbearing  material  Is  relatively  unimportant  If  the  optical  unit  Is  to  be 
assembled  Into  a larger  cable.  There,  cable  strain  will  be  determined  by  total  cable  load 
and  by  the  tensile  modulus  of  other  parts  of  the  structure.  Second,  major  Increases  are 
being  achieved  In  straln-to-break  for  long  lengths  of  optical  fiber.  As  this  Improvement 
continues,  the  optical  fiber  will  be  able  to  survive  a much  larger  fraction  (perhaps  all) 
of  the  S-Glass  breaking  strain.  Finally,  experlea>.e  gained  In  assembly  of  S-Glass/epoxy 
matrices  can  be  translated  Into  similar  structures  where  the  loadbearing  filaments  are 
graphite,  boron,  KEVLAR,  steel  or  hybrid  composites  of  these  materials. 

Trial  r\ins  have  been  made  In  which  the  S-glass  filaments  were  replaced  with  fila- 
ments of  graphite,  boron  or  steel.  The  results  to  date  have  been  mixed  and  generally  less 
than  satisfactory.  We  have  not  yet  solved  problems  with  bonding  of  the  epoxy  resin  to 
these  materials,  and  with  breakup  of  the  graphite  and  boron  filaments  as  they  pass  through 
the  closing  die.  Work  In  this  area  Is  continuing  under  contract. 

A slightly  smaller  version  of  the  cable  unit  In  Fig.  3 has  just  been  completed,  but 
has  not  yet  been  fully  tested.  An  Informal  report  on  Its  performance  should  be  ready  In 
time  for  the  NATO  Conference  In  May,  1977.  The  new  unit  has  a diameter  of  0.102  cm,  a 
breaking  strength  of  145  kg,  and  an  attenuation  (850  nm)  of  3.8  dB/km.  Diameter  reduction 
was  achieved  by  deleting  the  second  buffer  annulus,  and  replacing  the  TEFLON  PFA  with 
HYTREL.  (The  second  buffer  had  been  specified  during  an  early  program  stage  when  the 

quality  of  the  Initial  fiber  coating then,  polyvlnylldene  fluoride was  so  poor,  due  to 

localized  "bumping"  and  Incomplete  wetting  of  the  fiber  surface,  that  additional  pro- 
tection against  microbends  and  water  Intrusion  was  needed.) 

3.2.  Two-Fiber  Miniature  Cable  (Frelburger,  R.J. , 1976) 

In  this  design,  shown  In  Fig.  4,  an  attempt  was  made  to  Increase  the  cable's 
tensile  modulus  (decrease  fiber  strain  under  load)  by  Incorporating  stranded  steel  wires 
as  the  loadbearing  structure.  The  optical  fibers  have  no  protective  buffering  beyond  that 
supplied  by  the  manufacturer.  The  helical  geometry  gives  the  optical  fibers  a strain 

relief  of  0.1!1 somewhat  academic  because  of  the  presence  of  the  steel  wires and  a 

radius  of  curvature  of  9.8  cm.  Assembly  of  Internal  components  and  final  jacketing  were 
carried  out  as  separate  and  Independent  processes.  Planned  cable  dimensions  were  0.147  cm 
(major  axis)  and  0.128  cm  (minor  axis).  The  dimensions  shown  In  Fig.  4 apparently  re- 
sulted from  an  over-expansion  of  the  outer  jacket  after  It  emerged  from  the  extrusion  die. 
Due  to  equipment  limitations,  no  void  filling  agents  were  employed. 

The  cable's  breaking  strength  Is  122  kg.  Its  weight  In  air  Is  7.58  kg/km,  which 
corresponds  to  an  In-water  weight  of  approximately  5.55  kg/km.  This  gives  a safety  factor 
(cable  alone)  of  3.66  for  tethered  operations  to  a depth  of  6 km.  The  actual  safety 
factor  will  be  somewhat  less  due  to  compression  of  Internal  voids  at  high  pressure,  since 
this  effect  will  Increase  the  cable's  specific  gravity. 


This  stranded  steel  cable  Is  far  more  flexible  than  the  S-Glass-armored  unit 
described  earlier.  It  can  easily  be  wound  around  a forefinger,  and  readily  accepts  axial 
twisting.  (The  latter  feature  is  especially  Important  If  the  cable  is  to  be  stored  by 
winding  on  a mandrel,  then  deployed  by  pulling  It  from  the  end  of  a storage  cannister.) 

As  will  be  seen  later.  Its  greatest  single  fault  Is  the  lack  of  any  void-filling  agent. 
This  makes  the  cable  highly  susceptible  to  radial  compression  at  high  pressure,  with 
resultant  microbending  of  the  optical  fibers. 

3.3.  Six-Fiber,  Deep  Sea,  Work  Cable  (Frelburger,  R.J.  1976) 

Here,  the  conventional  deep  sea  cable  described  earlier  (Fig.  1)  was  used  as  a 
model,  and  was  modified  to  accept  a multi-fiber  optical  data  link.  In  addition,  several 

Physical  design  constraints  were  Imposed.  The  cable  was  to  have  a breaking  strength  at 
east  as  great  as  the  original  unit,  but  was  to  be  torque  balanced.  (The  2J69RC  armor  has 
a torque  mismatch  of  about  2/1.)  The  new  cable  was  to  be  more  flexible,  with  a longer 
life  under  loaded  flexure.  Finally,  It  was  to  have  the  same  (or  lower)  conductor  resis- 
tance and  the  same  (or  higher)  voltage  rating  as  the  model  cable. 

The  cable's  6-flber  optical  core  Is  shown  in  Fig.  5,  and  the  final  cable  in  Fig.  6. 
A 1420-Denler  KEVLAR-49  yam  was  used  as  the  loadbearing  member  In  the  core  unit.  This 
maintained  flexibility  and  low  weight,  and  gave  the  optical  unit  a safe  handling  tension 
of  at  least  15  kg  (1%  strain)  during  following  assembly  operations.  Note  that  the  core 
has  space  available  for  up  to  12  optical  fibers.  If  all  of  these  fibers  were  graded 
Index,  the  cable  oould  have  a bandpass  of  more  than  1000  MHz  over  an  8-km  length.  In 
addition,  the  coaxial  configuration  for  the  electrical  section  allows  emergency  signals  to 
be  transmitted  over  this  length  at  frequencies  to  about  1 MHz. 


The  cable's  weight  Is  1040  kg/km  In  air  and  approximately  822  kg/km  In  seawater. 

At  Its  measured  breaking  strength  of  16,800  kg,  this  corresponds  to  a (cable  only)  safety 
factor  of  3.41  at  a 6-km  operating  depth.  Again,  equipment  limitations  precluded  void 
filling  of  the  cable's  optical  core. 

^ 3.4.  Three-Fiber,  Deep  Ocean,  Work  Cable 

The  last  experimental  cable  reported  here  (Fig.  7)  was  actually  the  first  cable 
If  fabricated  under  our  program.  Again,  It  departed  from  the  conventional  deep  sea  cable  of 

Fig.  1 as  a model,  and  attempted  to  Improve  that  design  while  adding  optical  conductors. 
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The  two  power  conductors  were  reconfigured  to  allow  reduction  of  cable  diameter  with  no 
sacrifice  of  electrical  performance. 

The  optical  section  consists  of  three,  S-Glass-ruggedlzed , step  Index,  optical 
fibers,  each  having  the  cross  section  shown  In  Fig.  3.  Ther''  subunits  were  joined  in  a 
no-helix  configuration,  then  molded  to  a diameter  of  0.305  l . with  the  same  thermosetting 
epoxy  resin  used  In  the  S-glass  matrix.  A bedding  Jacket  of  high  density  polyethylene  was 
extruded  over  this  core  to  a uniform  diameter  of  0.457  cm.  Serving  of  the  electrical 
conductors  and  extrusion  of  the  electrical  jacket  were  performed  as  an  In-line  process,  to 
maintain  precise  positioning  of  the  copper  wires  and  to  minimize  any  contamination  which 
might  reduce  the  effectiveness  of  the  Insulation  between  the  two  wire  groups.  All  In- 
ternal voids  were  filled.  Finally,  the  armor  package  was  assembled  In  a torque-balanced 
configuration.  The  cable's  design  breaking  strength  Is  17,600  kg.  With  an  air  weight  of 

859  kg/km  and  in-water  weight  of  685  kg/km,  it  has  a (cable  only)  safety  factor  of  4.28 

for  tethered  operations  to  6 km.  , 

The  three-fiber  work  cable  was  fabricated  early  in  our  learning  curve  and,  as  a 
result,  suffers  from  several  critical  deficiencies.  The  most  serious  of  these  are: 

• Fibers  And  Fiber  Buffering.  The  optical  fibers  predated  the  results  of  recent 

strength  improvements,  ana  had  "weak  link"  breaking  strains  of  about  0.257«  in  kilo- 
meter lengths.  The  initial  buffering  jacket  (polyvinylidene  fluoride)  did  not 
completely  wet  the  fiber,  and  tended  to  form  localized  bumps  on  the  fiber  surface;  it 
actually  served  as  a Bourse  for  microbends  with  amplitudes  that  were  often  greater 

than  the  diameter  of  the  fiber.  Addition  of  a second  buffering  jacket  did  not  fully 

compensate  for  this  effect.  In  a relaxed  or  loosely  coiled  state,  the  ruggedlzed 
fibers  showed  little  increase  in  attenuation.  Under  tensile  or  bending  stress,  major 
attenuation  Increases  (lO's  of  dB/km)  were  measured.  In  full  awareness  of  these 
deficiencies,  we  decided  to  proceed  with  cable  assembly  to  determine  what  additional 
problems  might  be  encountered  there.  The  rationale  was  that  this  tension  and  bending 
sensitivity  might  work  to  our  advantage,  by  helping  to  identify  marginal  deficiencies 
In  the  cable  assembly  operations. 

• Fiber  Geometry.  The  three  optical  units  should  have  been  assembled  as  a helix. 

Wtiile  this  would  have  given  little  benefit  in  tensile  strain  relief.  It  would  have 
helped  to  cancel  the  effects  of  bending  stress.  Equipment  and  funding  limitations  at 
the  time  prevented  this  design  feature. 

a Conductor  Geometry.  Cabling  equipment  limitations  initially  made  it  impossible  to 
maintain  the  conductor  geometry  shown  in  Fig.  7;  especially  the  spacing  between  wire 
groups  so  critical  to  insulation  resistance.  The  conductor  helix  angle  (14.75  deg)  . 
was  reduced  to  3.5  deg  to  keep  the  wires  from  migrating  and  blrdcaglng  as  they 
passed  through  the  jacket  extrusion  die.  This  change  Increased  the  conductor  helix 
length  from  6.67  cm  to  28.7  cm,  and  made  the  conductor  wires  much  move  sensitive  to 
tensile  and  flexure  fatigue. 

4.  PRELIMINARY  RESULTS  OF  CABLE  TESTS 


Tests  of  the  experimental  cables  described  in  the  previous  section  are  still  in 
progress,  and  results  presented  here  should  be  regarded  as  preliminary.  Environmental 
test  data  given  btlow  will  be  limited  primarily  to  the  cables  described  in  Fig.  3,  4 and 
6,  since  deficiencies  of  the  cable  in  Fig.  are  so  clear  that  it  has  been  assigned  a much 
lower  test  priority.  For  convenience,  test  results  for  the  two  miniature  cables  will  be 
described  jointly. 

4.1.  Results  of  Miniature  Cable  Tests  (Stephens,  D.H. , 1976) 

The  two  cables  Illustrated  in  Fig.  3 and  4 have  been  subjected  to  a series  of 

environmental  tests Including  attenuation  before  and  after  cabling,  tensile  cvcling, 

tensile  stress/straln,  flexure  fatigue  under  load,  pressurization  and  temperature. 

4.1.1.  Attenuation 

Optical  fiber  attenuation  was  measured  at  wavelengths  of  850  and  1060  nm,  both 
before  and  after  the  fibers  were  assembled  into  cables.  The  results  are  given  in  Table  2. 
Within  measurement  error  (equivalent  to  about  0.2  dB/km),  the  fibers  appear  to  have 
suffered  no  attenuation  Increases  due  to  either  cabling  or  In-cable  stresses.  We  are 
attempting  to  measure  fiber  attenuation  while  the  cables  are  under  various  stresses,  but 
measurements  are  handicapped  by  the  difficulty  of  uniformly  stressing  long  cable  lengths. 
When  such  tests  are  run  on  short  samples,  the  fixed  measurement  error  dominates  any 
attenuation  changes. 

4.1.2.  Cable  Performance  Under  Tensile  Stress 

Short  lengths  of  both  cables  have  been  tab- terminated  and  subjected  to  both  tensile 
cycling  and  pull  to  failure.  The  test  samples  (25-cm  gauge  length)  show  no  apparent 
change  of  physical  or  optical  properties  after  100  cycles  between  0 and  40%  of  short  term 
ultimate  stress.  The  results  of  pull-to-break  testing  (same  gauge)  are  given  in  Table  3 
and  Fig.  8.  Note  that  the  S-Glass  cable  has  much  higher  ultimate  strain  than  the  cable 
with  steel  wires.  This  factor---for  identical  cable  geometry  and  tension  members  whose 
Bole  function  Is  to  carry  a useful  load  with  minimum  strain  on  the  optical  fiber gives 
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Steel  a decided  advantage  over  S-Glass.  The  latter  material  gains  Its  very  high  useful 
strength  because  a moderate  (700,000  kg/cm2)  tensile  modulus  remains  effective  over  a much 
greater  elongation  than  Is  the  case  with  steel.  It  Is  worth  noting  that.  In  the  des- 
tructive tensile  tests  we  have  run  with  the  S-Glass  cable,  the  optical  fiber  always 
survived  both:  ultimate  strain  and  the  rather  explosive  rupture  of  the  loadbearing  matrix. 

If  we  define  "tensile  modulus"  as  the  ratio  of  tensile  load  per  unit  of  relative 
strain  per  unit /of  total  cable  cross  section,  then  the  two  cables  have  almost  Identical 
1^'  moduli  until  a stress  is  reached  where  the  steel  begins  to  yield.  This  comparison  Is  made 

in  Fig.  9.  For  steel,  the  combination  of  stranding  and  grouping  at  the  cable  core  sharply 
reduces  Its  contribution  of  strength  and  modulus  to  the  cable  cross  section.  The  penal- 
ties which  result  are  susiaarlzed  below.  (The  high  value  shown  for  the  tensile  modulus  of 
the  S-Glass  fllame.its  Is  probably  caused  by  an  axial  stiffening  of  the  loadbearing 
structure  by  the  epoxy  resin  matrix.) 


Conditions  of  Mean  Value  Comparison 

Strength 

Steel 

(kg/cm^) 

S-Glass 

Modulus 

Steel 

(kg/cm^) 

S-Glass 

Filaments  or  Wires  Only 

26,800 

42,000 

2,110,000 

917,000 

Loadbearing  Section  Only 

20,500 

26,900 

1,460,000 

587,000 

Total  Cable  Cross  Section 

6,200 

20,200 

430,000 

440,000 

We  are  left  with  a dilemma.  For  maximum  flexibility,  the  loadbearing  structure 
should  be  at  or  near  the  cable  core.  For  maximum  strength  and  modulus  efficiency.  It 
should  be  near  the  cable's  outer  surface,  where  the  ratio  of  available  area  to  radius  Is 
greatest.  The  two  constraints  are  in  conflict.  One  possible  resolution,  considered  but 
not  yet  tried  by  our  group.  Is  to  keep  the  loadbearing  structure  in  the  outer  annulus,  but 
add  flexibility  by  giving  Its  filaments  or  wires  a helix  geometry.  If  this  is  done,  a 
contrahellx  structure  is  needed  (in  most  applications)  to  ensure  that  the  cable  generates 
little  or  no  torque  when  under  load.  The  contrahellx  will  give  some  degree  of  rotational 
stiffness,  but  not  enough  to  interfere  with  a cannlster  mode  of  storage  and  deployment. 

4.1.3,  Cable  Performance  Under  Loaded  Flexure 

Samples  of  both  miniature  optical  cables  have  been  subjected  to  a series  of  flexure 
tests  at  loads  corresponding  to  20%,  307o  and  40%  of  ultimate  tensile  stress.  The  test 
fixture  Is  described  In  Fig.  10.  It  allows  four  parameters  to  be  varied;  sheave  radius, 
tensile  load,  flexure  amplitude  and  flexure  rate.  Four  test  sections  are  simultaneously 
cycled.  In  our  tests,  sheave  radius  was  5 cm,  flexure  amplitude  was  ± 28  deg,  and  the 
cycle  rate  was  approximately  l/sec.  Continuity  of  the  optical  fiber(s)  and  physical 
condition  of  the  cable  structure  were  periodically  checked. 

The  results  are  sunsnarized  in  Table  4.  Note  that  "failure"  of  a test  sample  means 
that  three  test  sections  from  the  same  gauge  length  survived.  In  terms  of  long  term 
flexure  capability  (e.g.,  100,000  cycles),  the  S-Glass  cable  has  a degradation  threshold 
at  slightly  more  than  20%  of  ultimate  stress.  The  corresponding  value  for  the  steel  cable 
Is  about  40%.  These  two  stress  levels  represent  approximately  equal  absolute  loads.  We 
had  expected  that  the  steel  cable  would  have  a much  shorter  optical  flexure  life,  due  to 
the  steel  wires  bearing  on  the  buffered  fibers,  and  that  the  polyethylene  jacket  would 
show  early  symptoms  of  erosion.  Neither  of  these  occurred. 

4.1.4.  Attenuation  Response  to  Pressure  and  Temperature 

The  greatest  deficiency  shown  by  the  two  miniature  cables  was  In  their  response  to 
hydrostatic  pressurization.  This  test  was  made  with  the  cables  in  water  at  a pressure 
equivalent  to  a 5-km  depth,  and  with  the  cable  ends  carried  out  of  the  test  chamber 
through  squeeze-type  stuffing  tubes. 

Attenuation  Increase  (dB/km) 

Test  Conditions Steel  Cable  S-Glass  Cable 

Cable  Interior  Not  Flooded  53  12.5 

Cable  Interior  Flooded  0 

For  the  steel  cable,  "flooded"  means  that  the  cable  Jacket  was  repeatedly  punctured 
so  that  water  could  flow  among  Its  Interior  elements.  This  relieved  high  bearing  stresses 
on  the  optical  fibers,  caused  by  external  pressure  which  forced  the  Jacket  into  Internal  ' 

voids.  (This  pressure  probably  caused  the  buffered  optical  fibers  to  conform  to  the 
ridges  and  channels  of  the  steel  loadbearing  structure,  so  that  they  were  distorted  into  a 
cyclic  microbending  shape.)  The  reason  for  the  pressure  response  by  the  S-Glass  cable  Is 
not  yet  known.  It  may  be  due  to  compression  of  residual  voids  within  either  the  buffer  I 

layer (s)  oi  the  loadbearing  structure.  For  both  cables,  this  tentative  explanation  leads  I 

to  the  (less  tentative)  conclusion  that  internal  cable  voids  must  be  eliminated.  I 

For  both  cables,  attenuation  (at  850  nm)  Increased  less  than  1 dB/km  when  their 
teaq>erature  was  reduced  to  0®C.  At  70®C,  the  steel  cable  unit  showed  an  attenuation 
increase  of  2 dB/km.  At  63®C,  the  epoxy  matrix  In  the  S-Glass  cable  softened  and,  since 
the  cable  unit  was  not  constrained  by  a storage  reel,  the  loadbearing  structure  buckled. 
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4.2.  Test  Results  For  The  Deep  Ocean  Work  Cables  (Putnam,  W.H.,  1976) 

Optical  and  environmental  tests  of  the  two  electromechanical  cables  (Fig.  6 and  7) 
have  been  completed.  Mechanical  stress  tests  are  continuing,  and  results  should  be 
available  In  time  for  the  NATO  Conference.  The  slx-flber  cable  showed  optical  attenuation 
values  of  6 to  14  dB/km  at  850  nm.  (The  history  of  Its  attenuation  changes  during  cabling 
Is  shown  In  Table  5.)  During  tensile  testing,  the  cable's  optical  attenuation  Increased 
as  much  as  10  dB/km  at  a load  of  6900  kg.  Attenuation  Increased  by  1.6  dB/km  when  the 
cable  was  cooled  to  l^C,  and  by  0.4  dB/km  when  It  was  pressurized  to  700  kg/cm^.  The 
three-fiber  cable  had  optical  attenuation  values  of  120  to  570  dB/km  at  ambient  tempera- 
ture and  pressure  (no  load) . Its  attenuation  Increased  by  more  than  100  dB/km  In  response 
to  pressurization  and  reduced  temperature. 

Measurements  of  absolute  attenuation  were  based  on  the  dual-length  technique.  In 
which  power  transmission  Is  normalized  to  the  power  transmitted  by  a 1-meter  segment  of 
the  same  optical  fiber).  During  environmental  tests,  attenuation  changes  were  measured  by 
monitoring  cable  transmission  using  a 850-nm  LED  source.  In  both  techniques,  the  launch 
numerical  aperture  was  0.1,  the  source  size  was  equal  to  the  core  diameter,  input  power 
was  measured  through  a beamsplitter,  and  light  was  stripped  from  the  fiber  cladding. 

A few  measurements  have  been  made  of  optical  fiber  survivability  during  destructive 
tensile  testing  of  the  work  cables.  A typical  result  Is  given  in  Fig.  11,  for  a straight- 
pull  test  and  a cable  gauge  length  of  2.4  m.  As  the  figure  shows,  all  optical  fibers  fall 
before  the  cable  breaks,  but  none  of  them  fall  before  the  cable  has  passed  the  classic 
yield  point  (defined  here  as  the  load  at  which  cable  strain  has  deviated  by  0.2%  from  a 
straight  load/straln  curve.)  In  the  test  represented  by  Fig.  11,  "strain"  is  based  on  a 
measurement  which  Is  averaged  over  the  entire  cable  gauge  length.  Tie  cable  yields, 
however,  at  a highly  localized  point.  Therefore,  we  conclude  that  th*  optical  fibers 
broke  at  a point  In  the  cable  which  saw  a much  higher  strain  than  the  alue  of  1.9% 
Indicated  by  the  figure. 


5.  CONCLUSIONS  AND  RECOMMENDATIONS 


Many  of  our  conclusions  have  already  been  stated  during  earlier  discussions  of 
cable  design,  cable  tests  and  test  Interpretation.  The  following  points  are  sufficiently 
Important  to  be  reemphasized  here. 

• Optical  fibers  can  be  Incorporated  .^nto  cable  structures  with  little  or  no  excess 
loss.  However,  further  development  work  Is  required  If  cable  attenuation  levels  of  5 
dB/km  are  to  be  routinely  achieved;  especially  with  graded  Index  fibers. 

• Optical  fibers  are  needed  with  higher  minimum  straln-to-break  In  lengths  of  many  (at 
least  10)  kilometers.  Today,  we  are  on  the  threshold  of  fibers  with  1%  minimum 
strain  over  such  lengths.  When  this  parameter  reaches  27.  over  similar  lengths,  the 
full  capabilities  of  steel  and  KEVLAR-49  can  be  utilized.  At  4%  mlnimtim  strain, 
almost  all  candidate  tension  members  can  be  used,  and  the  cable  designer  will  have  a 
complete  family  of  loadbearing  materials  with  which  to  tailor  cable  strength,  weight, 
diameter,  stiffness  and  flexure  performance. 

• The  fiber  must  be  Isolated,  via  buffering  Jackets,  from  external  anisotropic  stress. 

This  jacket  must  be  applied  with  extreme  care In  choice  of  material.  In  uniformity 

of  coverage,  and  with  regard  to  Its  many  functions.  It  must  not  be  so  non-uniform 
that  It  serves  as  a source  (rather  than  a solution)  of  microbends.  The  Initial 
buffer  Jacket  should  be  applied  as  an  In-line  step  In  the  fiber  drawing  process, 
before  the  fiber  can  be  contaminated  by  water  vapor  or  dust,  and  before  it  can 
contact  any  external  surface. 

• If  the  cable  Is  to  be  subjected  to  tensile,  bending  or  pressure  stresses.  It  must  be 
fabricated  without  Internal  voids.  These  become  localized  discontinuities  within  the 
cable;  l.e.,  points  of  origin  for  local  strain  or  microbending  of  the  optical  fiber. 

5.1.  Power  Transmission  In  the  Optical  Cable 

The  deep  sea  work  cables  In  Fig.  6 and  7 allow  telemetry  bandwidth  to  be  increased 
by  nearly  two  orders  of  magnitude.  Yet,  neither  cable's  performance  was  meaningfully 
Improved  In  such  critical  parameters  as  strength,  diameter,  weight  and  safety  factor. 

This  Is  primarily  due  to  the  presence  of  the  electrical  conductors,  which  were  Ignored 
during  redesign  of  the  cable.  In  the  conventional  deep  sea  cable  (Fig.  1),  these  con- 
ductors have  two  Important  functions transmission  of  power  and  data.  In  the  electro- 

optical  cable,  the  data  role  la  removed;  but  the  aroea  aeotion  and  uaight  of  oopper  in  the 
cable  remain  eaeentially  unchanged.  Therefore,  changes  In  cable  weight,  diameter  and 
safety  factor  are  relatively  minor.  To  achieve  the  full  Impact  of  fiber  optic  telemetry, 
a number  of  additional  design  options  should  be  considered.  (1)  Use  such  lightweight 
conductor  materials  as  high  strength  aluminum  or  copper-clad  aluminum.  (2)  Employ  the 
conductor  In  a dual  mode;  e.g.,  copper-clad  steel,  wnlch  can  serve  as  both  the  conductor 
and  the  tension  member.  At  40%  conductivity,  this  material  Is  available  at  a tensile 
strength  iidilch  approaches  that  of  improved  cabling  steel.  (3)  Incorporate  Insulation 
materials  which  have  much  higher  resistance  and  breakdown  levels  to  transmit  power  at 
higher  voltages.  Where  the  conventional  undersea  work  cable  is  used  at  an  operating 
voltage  of  600  VRMS,  levels  to  3000  VRMS  can  be  employed.  (4)  Redefine  the  undersea 
system's  power  transmission  requirement  so  that  It  Is  equal  to  average  payload  power  rate. 
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rather  chan  peak  power  load.  Use  a recharging  sys  .m  In  the  payload  to  smooth  power  peaks 
and  valleys  by  storing  and  dispensing  energy.  (5)  Substitute  such  lightweight  materials 
as  KSVLAR-49  for  steel  in  the  cable's  armor  package.  This  last  reconnendatlon  should  be 
treated  with  extreme  caution  until  Che  minimum  straln-at-break  for  long  optical  fibers  has 
been  Increased  to  a value  of  at  least  IX. 
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Figure  2 


Geometrical  constraints  on  the  optical  fiber  In  a 
helix.  (1)  The  fiber's  radius  of  curvature  will 
be  not  less  than  5 cm.  (2)  Fiber  strain  relief 
will  be  not  less  than  0.57.. 


■0.127  CM- 


—Central  step-index  optical  FiBERy 
0.0127-CM  DIAMETER. 

-Manufacturer-supplied  buffer;  silicone 

RTV  LUBRICANT  PLUS  OVERCOAT  OF  TeFLON 

(PFA)  TO  0.0381-cm  diameter. 
—Secondary  buffer  of  low  shores  low 

MODULUS  ELASTOMER  (AiR  LoGISTICS 

U 2A0-1)  TO  0.0635-cm  diameter. 

—Loadbearing  Structure;  9840  paraxial^ 
HTS-901y  S-Glass  filaments  in  a 

POLYAMIDE-MODIFIEDy  AMINE-CUREDy  EPOXY 
RESIN  (Air  Logistics  # 380-4). 


Figure  3.  A lightweight,  miniature,  optical  cable. 
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■0.173  CM' 


Steel  Strands 

14  WIRESy  EACH  0.0206-CM  DIAMETER. 

-Seven-wire  strands  assembled  with 
10.3-DEGREE  (LH)  LAY  ANGLE. 

—Wire  tensile  strength  21yl00  kg/cm^. 

Qpucal  Fieers 

—Fiber  diameters  are  0.0127  cm. 
—Fibers  overcoated  with  silicone  RTV 
& TEFLON  (PFA)  to  0.0381-cm  diameter. 

Aeeeeibli 

— Above  units  cabled  with  a lay  length 
OF  2.59  degrees  (RH). 

— High  density  polyethylene  outer 


jacket  to  dimensions  shown. 

Figure  4.  A twin-fiber,  miniature,  optical  cable. 


¥ 


— 0.333  CM- 


-1420-Denier  KEVLAR-49  central  strength 

MEMBER  IN  LOW  DENSITY  POLYETHYLENE 
JACKET  TO  0.155-CM  DIAMETER. 

-Six  OPTICAL  fibers  (4  step  index  & 

2 graded) y ALL  BUFFERED  TO  0.0381-CM 
DIAMETER  WITH  SILICONE  RTV  AND  TeFLON 
(PFA).  Fibers  AND  6 Nylon  spacers  are 
CABLED  around  THE  CENTRAL  CORE  WITH  A 

4. 28-degree  (RH)  helix  angle. 

-Teflon  (TFE)  tape  and  polyurethane 

JACKET  TO  DIAMETER  SHOWN. 


Figure  5.  A slx-flber  optical  core  for  a deep  ocean  work  cable. 


-Optical  core.  6 fibers,  identical 

TO  UNIT  SHOWN  IN  FiG.  (5) . 


7 


1^ 


-1.796  CM- 


-Electrical  Section.  All  wires  are 
0.0386-cm-diameter  copper.  Inner 

CONDUCTOR  HAS  24  WIRES  SERVED  WITH 

33-degree  (LH)  helix  angle;  outer 
CONDUCTOR  58  WIRES  IN  30-DEGREE 
(LH)  HELIX.  Servings  are  wrapped 
WITH  Mylar  binding  tape.  Spacer  is 
0.191-cm  thickness  of  low  density 

POLYETHYLENE.  ELECTRICAL  SECTION 
is  jacketed  with  HIGH  DENSITY 
POLYETHYLENE  TO  1.125-CM  DIAMETER. 

-Armor  Section.  Inner  layer  is  18 
GXIP  STEEL  WIRES,  0.203-CM,  SERVED 
WITH  24-degree  (RH)  helix  angle. 
Outer  layer  is  36  GXIP  steel  wires, 
0.130-cm,  served  with  20-degree  (LH) 
helix  angle. 


Figure  6.  A slx-flber,  deep  ocean,  electro-optical  cable. 


m 


THREE  BUFFERED,  STEP 
INDEX  OPTICAL  FIBERS,  EACH  RUGGEDIZED  TO 
A DIAMETER  OF  0.127  CM  WITH  A MATRIX  OF 
S-GLASS  IN  EPOXY  RESIN.  SeE  TEXT. 

jilJj  TWELVE  0.102-CM 
COPPER  WIRES,  CABLED  AS  A (lh)  SERVING 

WITH  3.5-degree  helix  angle  to  form  two 

CONDUCTORS.  ThE  CONDUCTORS  ARE  THEN 
INSULATED  WITH  A 0.975-CM-DIAMETER 
JACKET  OF  LOW  DENSITY  POLYETHYLENE. 

CONTRAHELIX  OF  EXTRA-HIGH- 
STRENGTH  STEEL  WIRES.  INNER  LAYER  HAS 
19  WIRES,  EACH  0.175  CM,  IN  A 14.6- 
DEGREE  (rh)  HELIX.  Outer  armor  contains 
36  WIRES,  EACH  0.119  CM,  AS  11.6-DEGREE 
(lh)  HELIX. 


•1.562  CM- 


Figure  7.  A three-fiber,  deep  ocean,  electro-optical  cable. 
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Table  2.  Attenuation  history  for  the  cables  In  Pig.  3 and  4. 


Test  Subject 

Attenuation  (dB/km  at  0.13  NA) 

850  NM 

1060  NM 

Single-Fiber  Cable  (Fig.  3) 

As  Manufactured/Buffered 

7.3 

5.0 

After  Cabling 

7.75 

5.0 

Two-Fiber  Cable  (Fig.  4) 

As  Manufactured/Buffered 

2.8 

(Tested  as  One  Fiber) 

5.6 

After  Cabling 

Fiber  A 

4.8 

1.8 

Fiber  B 

4.8 

3.7 

Table  3.  Suimnary  of  tensile  tests  for  the  miniature  cables 
In  Fig.  3 and  4. 


Tensile  Test  Parameter 

Mean  Load  at  Break  (kg) 

122.5 

CoEF.  OF  Variation  (%) 

1.3 

Mean  Load;  0.255  Strain  Offset  (kg) 

108.9 

CoEF.  OF  Variation  (55) 

5.3 

Ultimate  Strain  at  Break  (55) 

4.58 

1.93 

CoEF.  of  Variation  (55) 

7.5 

8.1 

Initial  Tensile  Modulus  (kg/cm^) 

434.000 

418.000 

CoEF.  of  Variation  (55) 

7.1 

9.8 

Correlation  of: 

Yield  Load  to  Ultimate  Load 

+0.39 

Ultimate  Load  to  Ultimate  Strain 

-0.11 

+0.21 

Ultimate  Load  to  Tensile  Modulus 

+0.25 

-0.05 

Ultimate  Strain  to  Tensile  Modulus 

-0.99 

-0.51 
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Reutive  Axial  Strain 


Figure  8 T3rplcal  load/straln  curves  for  the  miniature  cables 
in  Fig.  3 and  A. 


0 .01  .02  .03  .CW  .05 


Relative  Axial  Strain 
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Force 


Figure  10.  Fixture  used  for  loaded  flexure  tests. 

I 


Table  4.  Summary  of  flexure  test  results  for  the  miniature 
cables  in  Fig.  3 and  4. 


Cable  Unit 
From  Fig  # 

Tensile  Load 

Comments 

Kg 

Relative 

3 

51.3 

20Z 

Optical  Fiber  Failed  After  418,000  Flexure 
Cycles.  Cable  Physical  Structure  Undamaged 
After  907,000  Cycles. 

3 

51.3 

20Z 

Optical  Fiber  Failed  After  197,600  Cycles; 

• But  No  Structural  Damage  at  310,000  Cycles. 

3 

77.1 

30Z 

Optical  Fiber  Failed  Between  15,000  And 

16,000  Flexure  Cycles. 

3 

77.1 

30Z 

Cable  Broke  at  9691  Cycles. 

3 

102.5 

40Z 

Cable  Broke  at  2340  Cycles. 

3 

102.5 

40Z 

Optical  Fiber  Broke  at  100  Cycles. 

24.5 

20Z 

No  Physical  or  Optical  Degradation  After 
101,850  Cycles. 

4 

•49.0 

40Z 

One  Optical  Fiber  Failed  Between  90,000  and 
95,000  Cycles. 

4 

49.0 

40Z 

No  Degradation  Noted  at  55,000  Cycles.  Both 
Optical  Fibers  Broken  at  155,000  cycles,  but 
No  Other  Damage  Visible. 

1 


Tensile  Load  (kg) 
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ABSTRACT 


The  PhlloBophjr  underljring  the  choice  cf  particular  types  of  fibre-optic  systems  for  military 
astplications  is  discussed.  Some  ezlating  and  planned  systems  are  described  together  slth  details  of 
supporting  component  development. 

1 . l^VRCDUCTIOH 

The  idea  of  using  optical  fibres  to  transmit  data  over  appreciable  distances  was  conceived  a 
little  over  10  years  ago  by  Kao  and  Bockham  (19^6),  working  in  Standard  Telephone  Laboratories  at 
Barlow  in  tha  United  Kingdom.  In  the  intervening  decade  the  development  of  fibre-optics  has  been 
vigorously  pursued  in  several  oountries.  Nhile  the  loi^  distance  civil  teleooamunlcations 
applications  have  been  well  to  the  fore  in  stimulating  this  activity  it  is  nevertheless  the  case 
that  the  advantages  of  fibre-optics  for  military  systems  were  appreciated  at  an  early  stage. 

This  in  important  since  the  Justification  for  the  military  use  of  fibre-optics  is  generally  quite 
different  from  that  of  civil  applications  for  which  lower  overall  system  cost  is  the  sole 
motivation.  Many  benefits  are  sou^t  by  military  users  and  the  potential  advantages  have  been 
listed  too  frequently  in  the  past  to  require  repetition  here.  It  is,  however,  worth  noting  that 
althou^  tha  pariioular  advantages  stressed  for  any  given  application  depend  upon  the  nature  of 
the  application  (the  strongest  advantages  for  avionics  may  differ  from  those  for  naval  systems, 
for  example)  it  is  usually  an  advantage  stemaltvc  from  the  good  electromagnetic  compatibility  of 
optical  fibres  idiioh  is  most  important.  The  attractions  of  a transmission  medium  tdiioh  does  not 
appreciably  radiate  or  pick  up  electromagnetic  radiation  are  obvious;  in  addition  ground  loop 
problems  are  often  aolv^  by  the  isolation  achieved  with  a fibre-optic  link. 

Two  other  general  observations  oonoemiiv  military  applications  should  be  noted.  Firstly, 
the  severity  of  the  environmental  constraints  of  many  military  applications  far  exceeds  that 
applyit^  to  oivil  uses.  Secondly,  many  military  applications  cover  only  quite  modest  distances 
and  often  involve  only  moderate  data  rates.  It  is  thus  clear  that,  while  many  aspects  of  fibre- 
optic  development  are  ooion  to  both  the  military  and  civil  fields,  there  are  also  many  areas 
in  idiioh  tha  separate  development  of  coeqwnents  for  military  applications  has  been,  and  will 
oontlma  to  be,  essential.  Before  considering  in  detail  the  military  applications  of  fibre-optics 
within  tha  UK  it  is  therefore  instructive  to  review  the  davelopewnts  which  have  led  to  our  present 
capability  and  to  outline  the  philosophy  underlying  our  plans  for  the  future. 

2.  CCMPOTOB  pgmOPliaT  nt  THE  OK 

2.1  Components  for  Bundle  Systems 

In  tha  UK,  as  elseidisra,  tha  first  interest  was  in  syatems  employing  fibre  bundles,  due  to 
tha  earlier  availability  of  fibres  in  bundle  form  and  to  the  simpler  launching  requirements  of 
buidlae.  Thus  NCD  fUndsd  oompoimnt  development  was  originally  oonoertwd  principally  with  fibre 
budlas  and  lad  to  the  availability  of  fibre  bundles  with  hi|^  numerical  aperture  and  quite  low 
loss  (lA  • 0.48,  100  dB^,  Pllkii«ton),  low  loss  oonssotors  (1.3-2  dB,  Pleasey  Co)  and  a high  power 
high  rmdianoe  source  designed  sspaoially  for  bundls  systems  (launching  2.3  sM  into  a 400  pm 
diameter  buraile  of  lA  0.3  at  200  mA  dries.  A imsibor  of  prototype  systems  using  fibre  bundles  have 
been  built,  providii^  much  valuable  information  and  making  a useJUl  foundation  for  the  use  of 
bundles  in  some  of  the  simpler  ourrent  and  future  systems. 

2.2  Single  Ihltlaode  Fibre  Components 

Attention  has  now  turned  to  single  multimode  fibre  systems.  Among  the  reasons  for  this  are 
the  far  lower  oonasotor  loss  possible  with  single  fibres,  tha  poasibildty  of  active  branching  and 
tha  likelihood  of  greater  strength  in  a properly  protaoted  single  fibre.  Until  comparatively 
rooently  the  choios  of  fibre  oore  sisa  has  been  largely  oonstrainsd  by  faotors  stemming  from  the 
fibre  mansflurturing  process.  However,  tbs  advent  of  plastic  clad  silica  (PCS)  fibre  has  made  tha 
Msufaeture  of  large  oore  fibres  simple  and  it  is  now  possible  to  oonsldar  the  use  of  fibres  with 
cores  200  pm  or  more  in  dismster.  Sinoe,  as  noted  earlier,  many  applications  involve  relatively 
short  dlstanoes  and  low  data  rates  the  use  of  large  oore  fibre  of  relatively  high  HA  imposes  no 
disatvmntagea.  Tbs  upper  limit  to  tha  core  diamatsr  la  set  in  praotioe  by  tha  increasing  stiffness 
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of  the  fibre.  Connector  probleae  are  greatly  eased  by  the  use  of  large  core  elses,  oaking  PCS  fibre  of 
considerable  interest  for  soae  applications.  Developnent  of  PCS  fibre  is  beii^  undertaken  at  STL  (with 
CVS  funding)  and  attenuation  as  low  aa  20  ds/la  at  820  la  has  been  achieved. 

For  applications  for  which  PCS  fibre  is  not  suitable  the  use  of  doped  silioa/silioa  fibre  is 
envisaged  and  cables  incorporating  suoh  fibre  are  being  developed  at  OBC  and  STL.  It  is  noteworthy  that 
the  demountable  connector  developed  by  STL,  with  CVS  funding,  has  been  demonstrated  in  the  laboratory  to 
have  a loss  -v  1 dB  usii«  85  |ia  core  fibre  (Bedgood  et  al  1976).  This  connector  utilises  the  watch  jewel 
ferrule  technique  of  which  details  have  been  given  elsewhere.  Thus  the  anticipated  low  connector  loss 
with  single  fibres  has  already  been  demonstrated  in  the  laboratory;  connectors  for  field  use  are  currently 
being  developed,  although  it  may  be  noted  that  a field-worthy  version  with  a slightly  higher  loss  is 
already  available  in  a standard  military  connector  shell. 

Active  branching,  in  which  a fraction  of  the  radiation  propagating  in  a fibre  nay  be  coupled  out 
is  an  important  potential  advantage  obtainable  with  sli^le  fibres.  The  leaky  mode  coupler  (Stewart  and 
Stewart,  1977)  is  a device  which  nay  function  in  this  way.  Hot  only  does  this  device,  development  of 
which  is  being  sponsored  by  CVD  at  the  Plessey  Co,  give  the  possibility  of  active  branching  but  it  is 
also  capable  of  application  as  a branching  device  in  a "clip-on"  node  with  bare  fibre;  this  eliminates 
the  insertion  loss  associated  with  more  conventional  branching  devices.  The  device  nay  also  be  used  to 
feed  power  into  a fibre. 

For  many  NCD  applioations  an  Inooherent  emitter  in  the  form  of  a high  radiance  LED  is  suitable. 

The  development  of  such  a device  for  use  with  bundles  has  been  referred  to  earlier.  In  addition  to  this 
a very  high  speed  HR  LS)  is  being  developed,  by  the  Plessey  Co,  for  use  with  single  fibre  systems. 

Already  analogue  modulation  to  beyond  1 QHs  (3  dB  point)  has  been  demonstrated  with  encouragingly  high 
radianoe. 

Solid  state  laser  development  at  STL,  under  CVD  sponsorship,  has  led  to  encouragingly  long  lived 
devices,  having  a median  life  of  25000  hours  under  moderate  (2-3  nW)  output  powers.  These  lifetimes 
are  improving  with  bum-in.  Degradation  is  observed  by  an  increase  in  threshold  current  density  alone 
and  not  by  a change  in  incremental  efficiency.  For  higher  laser  power  applications  the  technique  of 
bonding  optical  fibres  directly  to  lasers  has  bean  very  sucoessful.  Lasers  are  expected  to  find 
application  in  systems  having  high  launched  power  requirements. 

A source  module  employing  either  an  LB)  or  a laser  is  under  consideration. 

It  will  be  apparent  that  only  one  type  of  component  is  not  currently  under  development  and  that 
is  the  detector.  At  present  ooaserclally  available  devices  have  adequate  performance  to  meet  systems 
needs. 

3.  APPLICATION  OF  PTBRE-OTTICS  IH  MLITART  3T3TBKB 

3.1  around  Baaed  Systems 

The  use  of  fibre-optics  in  the  Army's  future  battlefield  communications  system,  project  Ptarmigan, 
is  being  actively  oonsidered.  In  this  application  high  frequency  cable  up  to  2 km  in  length  may  be 
replaced  by  fibre-optioe.  The  advantage  sou^t  is  that  of  reduced  electromagnetic  interference  but 
savings  in  cost  and  weight  may  also  be  obtained.  Pibre-optic  cables  for  this  application  must  withstand 
the  full  rigours  of  the  sevsre  battlefield  environment  and  must,  for  example,  tolerate  vehicles  of  all 
kinds  being  driven  over  them. 

3.2  Haval  Systems 

An  experimental  120  m fibrs  bundle  link,  using  Pilkliyton  fibre,  has  been  installed  in  HNS  Tiger 
to  link  the  bridge  with  radar  equipment,  nils  has  provided  valuable  experience  of  installation 
proosdurss  for  bundle  systemsi  in  this  instance,  for  example,  it  was  found  to  be  essential  to  fit  the 
terminating  ferrules  after  the  cable  had  been  installed  in  order  to  avoid  undue  stress  at  the 
tarslnatioas.  The  link  involves  25  bands  of  3 inch  radius,  passes  through  3 watertight  bulkheads  and 
over  2 expansion  Joints,  It  has  fUnotlonr^  uttisfaotorily  sines  its  imtallation  In  July  1976. 

Fibre-optic  links  are  also  being  oonsidered  for  underwater  applioations  including  a life  support 
system  link  for  divers  relaying  data  on  ths  physlologioal  parametars  of  divers  iriian  workiiv*  A short 
trial  link  within  an  underwater  vehicle  has  also  bean  tested. 

3>3  Avionic  Applioations 

niture  military  aircraft  will  almost  osrtainly  incorporate  some  fora  of  data  bus  linking  the 
computers,  displays,  navigation  aystea  and  various  sensors.  Suoh  a multiplexed  systes  may  be  purely 
electrical  but  It  Is  clear  that  flbre-optlos  oould  be  used  to  advantage,  particularly  In  alleviating 
problems  with  elect mmagnstlo  ooapatlblllty. 

This  Is  eapeoially  trus  In  modem  aircraft  oonstructed  from  largely  non-metalllo  materials. 

An  a prscursor  to  a full  data  bus  aa  experimental  point-to-point  link  has  been  davslopad  by  Naroonl- 
tlllott  for  HOD  to  convey  5 H baud  signals  over  distances  of  up  to  30  m;  It  Is  termsd  "Mlulllnk*  and 
uses  a fibre  bundle  in  conjunction  with  a high  radiance  LB)  souroa.  Studies  of  environmental  effects 
on  this  Hide  are  being  undertaken  at  RSRB,  Halvera.  Some  work  on  optical  sensliq;  devices,  particularly 
pressurs  sensors  for  engine  applications  is  also  underway.  Future  data  highway  aiplioations  are 
llkmly  to  employ  many  of  the  oomponenta  currently  under  development  and  described  In  section  2. 


Fibre-optica  la  alao  likely  to  be  employed  In  the  oonounloat Iona  eyatema  of  future  aircraft.  Hhare- 
ever  it  la  neoeaaary  to  paaa  high  frequenoy  algnala  any  appraciabla  diatanoe  Nithln  an  aircraft  the  uae  of 
flbre-optlca  beooaaa  attractive.  Tbua  optical  llnka  are  being  developed  for  analogue  uae  In  the  22^-400  MHz 
ooaeunloatlon  band.  For  thla  purpoee  the  faat  high  radiance  LED  deacrlbed  in  section  2.2  will  be  uaed. 

The  objective  la  tc  launch  100  pM  into  a fibre  of  83  pa  core  with  0.16  Hi  at  frequenclea  up  to  400  MHz. 

The  reiiulred  frequenoy  reaponae  haa  already  been  obtained,  indeed  nodulatlon  to  frequenclea  well  beyond 
1 OHz  haa  been  deaonatrated.  It  la  planned  to  achieve  the  required  launched  power  by  the  incorporation 
of  a leia  into  the  US  atruoture.  Not  only  will  thia  aouroa  meet  the  analogue  tranaalaslon  requirements 
it  will  also  serve  to  meet  any  future  high  data  rata  digital  needs  that  may  arise. 

4.  cowcmsiow 

Flbre-optlca  is  likely  to  find  wldeepread  application  in  future  mllitaiy  systems.  Components  for 
bundle  systems  have  reached  an  advanced  state  of  development  and  the  development  of  single  fibre  components 
Is  well  in  hand. 

3.  iCKNOMLaXHElW'S 

The  work  described  in  this  paper  includes,  besides  that  of  RiE  and  CVD,  that  of  several  other  parts 
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A REVIEW  OF  NASA  FIBER  OPTICS  TASKS* 


Alan  R.  Johnston 
Jet  Propulsion  Laboratory 
Pasadena,  California  91103 


t SUMMARY 


This  paper  reports  on  the  status  of  on-going  NASA  tasks  involving  fiber-optic 
data  transmission,  and  related  topics.  Ground-based  applications,  including  a 
multiplexed  wideband  2 km  prototype  link  and  a building-to-building  video  link,  are 
described.  Possible  applications  in  space  and  an  orbital  fiber-optic  experiment  are 
also  discussed.  In  connection  with  the  use  of  fibers  in  space,  the  effects  to  be 
expected  from  the  space  environment  are  touched  on,  particularly  radiation-darkening  of 
fibers  and  temperature  effects.  Laboratory  results  on  performance  of  fibers  at  cryo- 
genic temperatures  are  also  presented.  Finally,  some  thoughts  on  future  applications 
are  given. 


1 . INTRODUCTION 

The  primary  purpose  of  this  paper  is  to  provide  an  overview  of  current  NASA 
efforts  in  fiber  optics.  On-going  NASA  tasks  related  to  fiber  optics  and  integrated 
optics  will  be  reviewed.  They  involve  both  ground-based  data  transmission  and  applica- 
tions in  space,  and  range  from  the  investigation  of  basic  system  limitations  to  devel- 
opment of  a prototype  ground  communication  link  and  an  orbital  experiment.  The  status 
of  these  tasks  will  be  very  briefly  summarized,  and  some  ideas  about  their  future 
direction  will  be  indicated.  References  will  be  given  where  available  so  the  reader 
seeking  more  detailed  information  will  be  able  to  obtain  it  from  existing  reports  or 
from  the  individuals  directly  involved. 

The  second  section  of  this  paper  discusses  ground-based  applications.  Progress 
toward  demonstrating  a prototype  2-km  wideband  multiplexed  data  link  at  Kennedy  Space 
Center  will  be  summarized.  Another  near-term  application  involving  on-site  data 
transfer  is  a building-tc-building  video  link  experiment  at  the  Jet  Propulsion 
Laboratory . 

The  third  section  examines  the  use  of  fibers  on  spacecraft.  The  first  applica- 
tions being  contemplated  for  fiber  optics  in  space  are  on  board  the  Shuttle.  Both 
digital  data  transfer  and  analog  TV  transmission  by  means  of  fiber  optics  are  possi- 
bilities. Results  of  an  initial  study  of  a proposed  Shuttle  TV  link  are  oriefly 
mentioned . 

This  study  (and  others)  has  shown  that  space  applications  may  subject  fibers  and 
other  link  components  to  a unique  environment,  of  which  temperature  extremes  and  par- 
ticle radiation  are  expected  to  be  the  most  important.  Under  worst-case  conditions, 
low  temperature  extremes  of  roughly  -150°C  may  occur,  with  deleterious  effects  on 
polymer  materials  used  in  fiber  bundle  or  cable  fabrication  to  be  expected.  Both 
plastic  and  plastic-clad  fibers  which  use  polymers  for  optical  functions  will  be 
directly  affected  but,  in  addition,  stiffening  and  embrittlement  of  the  polymer 
materials  used  for  protective  Jackets  will  affect  the  design  of  a fiber  system. 

Depending  on  the  mission,  radiation  effects  in  space  will  also  restrict  the 
choice  of  fiber  materials  to  the  radiation  hard  class,  primarily  the  doped-silica-glass 
type.  Expected  dosage  and  fiber  lifetimes  to  be  expected  in  space  will  be  summarized. 

An  active  data  link  experiment  is  being  developed  at  the  Jet  Propulsion 
Laboratory  for  a flight  aboard  the  Shuttle- launched  Long  Duration  Exposure  Facility, 
and  a description  of  the  experiment  completes  the  section  on  fibers  in  space. 

The  fourth  section  treats  technology  effort  related  to  fiber  optics.  Laboratory 
results  showing  the  performance  of  certain  fibers  at  cryogenic  temperatures  are 
presented.  Development  of  long-life  CW  solid-state  lasers  by  Langley  Research  Center 
that  are  useful  for  transmitter  modules'  and  ultimately  for  integrated  optics  devices 
will  then  be  described.  In  addition,  an  interesting  investigation  of  the  possible  use 
of  fiber  waveguides  originated  by  Vail  and  Shorthill  at  the  University  of  Utah  will  be 
mentioned . 

The  paper  concludes  with  some  remarks,  necessarily  of  a speculative  nature, 
about  possible  longer-range  uses  of  fiber  optics. 


•This  paper  presents  the  "esults  of  one  phase  of  research  carried  out  at  the  Jet 
Propulsion  Laboratory,  California  Institute  of  Technology,  under  Contract 
No.  NAS  7-100  sponsored  by  the  National  Aeronautics  and  Space  Administration.  The 
opinions  presented  are  those  of  the  author  and  do  not  necessarily  represent  an 
official  NA.SA  position. 
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GROUND-BASED  APPLICATIONS 


There  is  a great  variety  of  possible  ground-based  applications  for  optical 
fibers.  The  motivation  to  pursue  these  applications  results  from  the  promise  of  lower 
cost  because  of  the  higher  information  throughput  of  fibers  as  compared  to  a copper 
transmission  line  and  the  greatly  decreased  bulk  which  must  be  housed  in  conduit. 

The  expected  easing  of  EMI  and  ground-loop  problems  is  also  frequently  considered  very 
important  for  many  system  applications,  such  as  in  a digital  computer  interconnect. 

2.1.  Kennedy  Space  Center  Experiment. 

An  experimental  wideband  data  link  is  under  development  at  NASA's  Kennedy  Space 
Center  under  the  technical  direction  of  Charles  Bell  (Ref.  1).  The  link  is  approxi- 
mately 2 km  (6000  ft)  in  length  (Fig.  1)  and  connects  the  Central  Information  Facility 
(CIF) . which  contains  a large  computing  facility  and  the  Flight  Crew  Training  Building 
(FCTB) , in  which  the  shuttle-launch  checkout  equipment  is  being  developed.  Function- 
ally, the  experimental  link  will  be  a part  of  the  prototype  (or  serial  No.  0)  of  the 
complex  prelaunch  checkout  network  for  the  shuttle.  This  work  was  preceded  by  an 
investigation  of  a wideband  prototype  link,  also  described  in  Ref.  1.  This  laboratory 
prototype  link  used  a 100  MHz  bandwidth,  and  the  information  (both  digital  and  analog) 
was  transmitted  by  frequency-domain  modulation  of  the  light.  Alternative  forms  of 
transmitters  and  receivers  were  evaluated. 

In  the  present  experiment,  multiplexing  techniques  for  combining  many  data 
channels  (both  analog  .'nd  digital)  onto  one  fiber  are  being  emphasized;  hence,  the 
acronym  MOTS  (Multipi.«:xed  Optical  Transmission  System)  . The  aim  is  to  develop  a wide- 
band link  using  modular,  interchangeable  components  such  that  the  changing  data  needs 
of  different  launches  mi^ht  be  accommodated  by  changing  plug-in  modules  at  the  termi- 
nals without  affecting  the  wideband  fiber  link  itself.  Even  the  direction  of  data 
transmissioi.'  on  a given  fiber  could  be  reversed  by  changing  transmitter  and  receiver 
mcdu’es.  The  user  of  one  individual  data  channel  need  not  be  aware  of  the  details  of 
tin?  m’lltiplexed  wideband  optical  link. 

A block  diagram  of  the  2 -km  experiment  is  shown  in  Fig.  2.  Each  fiber  will 
carry  one  35-  to  50-MHz  analog  data  channel  or  up  to  10  5-MHz  multiplexed  data  channels. 
The  fibers  themselves  have  a 7 dB/km  loss  and  a 600  MHz-km  throughput  capability, 
providing  for  at  least  a 50-MHz  bandwidth  over  a total  length  of  12  km  for  future 
requirements . 

The  cable  is  a 10-fiber  cable,  utilizing  Coming-graded  index  fiber. 

A prototype  optical  fiber  cable  made  at  KSC  is  compared  with  samples  of  the 
present  multichannel  wideband  cable  in  Fig.  3.  The  prototype  is  very  similar  to  the 
cable  that  will  be  installed  in  the  underground  conduit  (Ref.  2).  If  optimum  multiplex- 
ing were  applied,  the  10-fiber  optical  cable  would  have  an  information  capacity  many 
times  that  of  one  of  the  large  36-pair  copper  wire  cable.  Metal  armor  is  used  in  the 
fiber  cable,  and  its  interior  will  be  kept  dry  by  a slight  positive  gas  pressure. 

The  cable  was  obtained  from  the  supplier  in  1-km  lengths,  and  will  be  pulled 
into  subsurface  conduit  by  corventional  techniques.  The  total  number  of  splices 
required  per  fiber  to  make  up  the  run  will  be  determined  by  the  practicalities  c£ 
pulling  the  sections  of  cable  into  the  conduit.  A minimum  of  two  splices,  up  to 
perhaps  five  splices  per  fiber,  is  expected  to  be  needed.  The  splices  will  be  of  the 
hot-fusion  type,  made  in  place  in  the  manholes  by  portable  equipment  supplied  with  the 
cable  (Ref.  2)  The  expected  loss  per  splice  is  1/2  dB. 

Four  fibers  will  be  used  for  data;  two  in  each  direction.  A separate  fiber  will 
be  used  for  wideband  analog  data,  such  as  multiple  FM  TV  channels,  and  another  for 
multiplexed  digital  data.  The  six  remaining  fibers  can  be  Jumpered  (Fig.  2)  for 
experiments  with  longer  fiber  runs.  A total  length  up  to  12  km  can  be  set  up  in  this 
way.  Including  repeaters,  if  desired.  Initial  tests  with  the  2-km  cable  in  place  are 
planned  for  mid  1977. 

The  present  fiber  terminals  (Ref.  3 ) use  a Burrus-type,  high-intensity  LED  in  the 
transmitter,  and  an  avalanche  photodetector  in  the  receiver.  Injection- laser  sources 
are  being  examined  for  future  use  in  transmitter  modules.  The  present  LED  transmitters 
are  capable  of  coupling  over  1 mW  into  a fiber.  The  Minimum  Detectable  Power  (MDP)  of 
the  receiver  modules  is  in  the  range  of  5-8  nW  for  a 35-MHz  bandwidth,  allowing  over 
30  dB  for  fiber,  coupling,  and  connector  losses. 

Looking  further  into  the  future,  this  experiment  will  examine  longer  links,  as 
mentioned  above,  and  will  also  evaluate  the  performance  of  a fiber  link  in  a real  field 
environment.  The  experiment  is  designed  to  explore  the  problems  of  installing  and 
maintaining  fiber  cables  in  underground  conduits,  which  at  KSC  are  typically  submerged 
in  a very  corrosive  environment.  The  Shuttle  launch  area  is  located  7 km  from  the 
Launch  Control  Center.  At  present,  there  are  a total  of  roughly  12,000  miles  of  video 
channel  at  KSC.  The  fiber-optic  technology  may  provide  a cost-effective  alternative 
for  some  of  these  requirements,  and  the  present  experiment  is  expected  to  help  develop 
the  capability  to  implement  these  longer  links. 
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2.2.  JPL  Closed-Circuit  TV  Link. 

An  experimental  closed-circuit  TV  link  Is  being  Implemented  at  the  Jet  Propulsion 
Laboratory  In  order  to  evaluate  the  applicability  of  fiber  optics  in  the  mission  control 
complex.  The  test  link  Is  700  ft  In  length  and  has  been  set  up  using  a single-fiber 
waveguide.  Fiber-optic  cables  are  not  being  tested  - an  unprotected  but  plastic- 
sheathed  fiber  has  been  placed  by  hand  in  a cable  tunnel  connecting  the  two  buildings. 
The  link  uses  direct  analog  transmission  of  the  video  signals,  so  achieving  a high 
I slgnal-to-nolse  ratio  In  the  delivered  signal  Is  the  most  Important  requirement. 

Typically,  the  video  signals  being  transmitted  represent  data  to  be  presented  in  an 
alphanumeric  display. 

One  reason  for  selecting  this  application  for  an  Initial  experiment  was  that 
grounding  problems  between  the  two  buildings  and  other  interference  effects  can  cause 
difficulty  with  video  transmission.  This  type  of  problem  can  always  be  cured,  but  the 
promise  of  Inherent  Immunity  to  transmlsslon-llne  Interference  was  of  Interest.  A 
second  reason  was  that  a large  number  of  such  circuits  are  in  operation  lab-wide, 
making  any  potential  cost  saving  that  may  be  possible  with  fiber  links  proportionally 
more  important.  We  hope  to  gain  experience  in  a user  environment  with  this  experiment, 
enabling  us  to  draw  better  conclusions  about  the  performance  and  future  cost  that  can  be 
expected  with  fiber-optic  transmission. 


3.  SPACE  APPLICATIONS 

Applications  on  spacecraft  will  likely  be  motivated  primarily  by  potential 
simplification  of  EMI  problems  and  secondly  by  weight  considerations.  Reduced  cost  for 
the  link  hardware  itself  Is  not  likely  to  be  a significant  factor,  as  it  is  for  ground- 
based  applications. 

3.1.  Vehicles. 

Since  we  are  now  on  the  eve  of  the  Shuttle  era  in  space  transportation,  one 
naturally  would  look  toward  Shuttle  systems  as  an  area  for  fruitful  application  of  fiber- 
optic technology.  The  Shuttle,  like  any  other  large  aircraft,  contains  complex  elec- 
tronic systems  which  are  interconnected  with  data  bussing  techniques.  Unfortunately, 
the  Shuttle-Orblter  development  is  too  far  along  to  take  advantage  of  fiber  optics  in 
any  of  Its  basic  avionics  systems. 

On  the  other  hand.  Shuttle  payloads,  which  range  from  the  large  Spacelab  to  small 
probe  type  spacecraft , remain  a possible  area  for  application,  both  within  Individual 
payloads  and  for  interfacing  the  payload  with  the  Orbiter.  An  initial  unpublished  study 
of  the  feasibility  of  using  fiber  optics  for  payload  interfacing  has  been  made  by 
Rockwell  International,  but  no  hardware  effort  has  been  undertaken. 

The  primary  motivation  for  the  use  of  fiber-optic  links  for  such  interfacing  is 
the  promise  of  immunity  to  electromagnetic  interference  (EMI)  effects  on  the  Intercon- 
necting line.  Although  interference  always  will  be  possible  within  the  terminal 
electronic  modules  of  a link,  just  as  in  any  other  electronic  equipment,  the  dielectric 
fiber  waveguide  Inherently  will  not  couple  to  any  electrostatic  or  magnetic  field  along 
the  way.  Any  simplification  of  the  EMI  problem  in  the  payload  Interface  is  particularly 
valuable  because  the  Shuttle  payload  bay  Is  expected  to  be  an  electrically  noisy  area, 
and  there  Is  a requirement  for  a short  turnaround  time  for  the  Orbiter,  sharply  limiting 
the  time  available  for  troubleshooting.  Each  payload  Is  likely  to  present  new  problems 
in  this  area,  further  emphasizing  the  value  of  eliminating  any  source  of  possible  EMI  at 
the  outset.  The  other  potential  benefits  of  fiber  optics  (decreased  weight,  and  size, 
and  Increased  bandwidth)  are  very  useful  properties,  but  probably  are  secondary  to  the 
EMI  question. 

Other  potential  shuttle  applications  have  also  received  some  attention.  We  at 
JPL  and  Paul  Coan  of  the  Shuttle  television  group  at  NASA's  Johnson  Space  Center  have 
made  a preliminary  study  of  video  signal  transmission  and  TV  camera  control  requirements 
for  a CCTV  system  to  be  used  in  the  Shuttle  payload  bay.  The  purpose  of  the  system  is 
to  monitor  payload  deployment  and  retrieval  activities.  A study  has  been  completed  on 
this  system  (Ref  4) . Breadboarding  of  some  of  the  important  components  (fibers  and 
connectors),  using  materials  selected  to  withstand  the  temperature  environment  expected 
In  the  payload  bay.  Is  planned. 

A longer-range  application  selected  for  study  at  JPL  Is  the  data  bus  portion  of  a 
spacecraft  Unified  Data  System -(UDS)  being  developed  for  future  spacecraft.  The  flbei 
links  would  Interconnect  elements  of  a microprocessor-oriented  data  and  control  system 
that  is  physically  distributed  among  a number  of  separate  packages  on  the  spacecraft. 

3.2.  Space  Ervlronment 

I Before  applying  a new  technology  such  as  fiber  optics  on  spacecraft,  it  Is 

necessary  to  examine  the  effects  that  the  space  environment  may  have.  Two  Important 
I environmental  effects  expected  are  from  possible  wlde-temperature  variations  and 

I radiation-darkening  of  fibers.  Other  environmental  conditions  (e.g.,  launch  vibration) 

are  similar  to  those  already  faced  In  aircraft  systems. 
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The  initial  JPL  study  of  the  Shuttle  Orbiter  CCTV  system  indicated  that  a 
worst-case  temperature  range  of  +120°  to  -150°C  was  possible  in  the  payload  bay. 

In  general,  fiber  cables  contain  polymer  materials  in  which  mechanical  properties  will 
be  adversely  affected  by  this  wide  a temperature  range.  Flexibility  is  difficult  to 
retain  at  the  low  temperature  extreme.  These  considerations  are,  of  course,  shared  with 
conventional  copper  cabling.  Polymers  which  outgas  excessively  in  space  must  also  be 
avoided.  It  is  likely  that  the  cabling  materials  that  perform  satisfactorily  are  going 
to  be  different  from  those  in  common  use  in  today's  developmental  fiber  cables.  There 
may  also  be  an  effect  on  cable  performance  caused  by  temperature  cycling,  in  which  undue 
compression  of  the  fibers  at  low  temperature  occurs  as  a result  of  contraction  of  the 
Jacket.  None  of  these  possibilities  have  been  thoroughly  studied  for  fiber  cables. 

Of  even  more  importance  is  the  fact  that  in  plastic-clad,  or  in  all-plastic 
fibers,  which  otherwise  would  be  an  attractive  choice  for  space  applications,  the 
temperature  effects  can  affect  the  optical  characteristics  of  the  fiber.  The  effect 
of  low  temperature  on  the  plastic-clad,  fused-silica  type  has  been  investigated  at  JPL 
and  is  discussed  in  more  detail  In  the  following  section.  Briefly,  we  find  that  the 
transmission  of  silicone-clad  fiber  is  impaired  at  lower  temperature  and  ceases 
entirely  at  about  -80°C.  The  all-plastic  fibers  are  also  not  suitable  for  the  entire 
-150°  to  +120°C  temperature  range,  but  the  all-glass,  doped-fused-silica  chemical -vapor 
deposited  (CVD)  type  appears  to  be  unaffected. 

The  terminal  electronic  packages  are  also  affected  by  temperature,  especially  the 
LED  emitter.  However,  the  behavior  of  components  needed  for  fiber-optic  terminals  are 
similar  to  those  widely  used  in  other  electronic  modules.  It  is  felt  that  the  tempera- 
ture of  the  terminal  modules  will  be  controlled  along  with  other  electronics  within  an 
acceptable  range  by  conventional  design  techniques.  Control  of  the  fiber  temperature  is 
not  assumed,  because  it  would  be  much  more  cumbersome  and  probably  is  not  necessary. 

Radiation  dosage  is  an  important  environmental  factor  because  radiation-induced 
absorption  occurs  in  all  optical  fibers.  The  highest  dosages  expected  in  space  are 
large  enough  to  create  an  important  design  constraint  on  the  complete  link.  Radiation 
effects  on  the  terminal  electronics  are  expected  to  be  similar  to  the  effects  on  other 
electronics,  so  they  are  not  discussed  here. 

Extensive  laboratory  investigations  of  the  effect  of  radiation  on  fibers  have 
been  reported  in  the  literature  (Rer.  5,  6,  7,  8).  These  studies  indicate  a large 
variation  in  sensitivity  between  different  fiber  types,  the  large -aperture  lead-glass- 
type  fiber  being  highly  radiation-sensitive,  and  pure  silica  types  being  quite  insensi- 
tive. The  range  of  sensitivity  approaches  a factor  of  10°  between  softest  and  hardest 
glasses.  However,  laboratory  experiments  to  date  use  much  higher  dose  rates  and  shorter 
exposure  times  than  expected  in  space . 

More  recent  experiments  using  plastic-clad  fused-silica  fibers  (Ref.  9,  10)  have 
indicated  a short-term  saturation  of  the  induced  loss  that  occurs  at  doses  in  the  neigh- 
borhood of  100  rad.  As  a result,  the  induced  loss  for  a small  dose  is  much  larger  than 
one  would  predict  from  data  taken  at  a large  total  dose.  In  addition,  the  induced  loss 
is  observed  to  decay  after  irradiation  with  a time  constant  of  the  order  of  15  minutes, 
and  the  rate  of  decay  is  unchanged  after  2 to  3 hours.  The  amount  of  the  initial 
non-linear-induced  loss  and  the  degree  of  post-exposure  annealing  depend  quite  strongly 
on  the  purity  of  the  fused  silica  used  to  fabricate  the  fibers. 

Further  investigations  are  in  progress  at  the  Naval  Research  Laboratory.  To 
date,  the  indication  is  still  that  the  final  Induced  loss  of  high-sllica-fiber  types 
will  be  small,  but  darkening  at  low  doses  is  highly  non-linear,  and  the  degree  of  long- 
term annealing  is  not  known  for  any  dose.  More  laboratory  work  is  needed  on  induced 
loss  at  the  low  dose  rate  and  long  duration  typical  of  space  missions. 

To  provide  a reference  for  understanding  the  radiation  effects  in  fibers,  the 
estimated  total  dose  for  different  mission  types  is  given  in  Table  1.  Note  that  the 
radiation  exposure  on  any  orbital  mission  is  highly  dependent  on  the  specific  orbit 
chosen,  and  can  vary  over  many  orders  of  magnitude.  The  numbers  shown  in  Table  1 must 
be  regarded  as  approximate;  they  are  intended  to  convey  only  an  idea  of  the  order  of 
magnitude  of  the  expected  dose  and  how  much  it  may  vary,  depending  on  the  type  of  mis- 
sion. The  doses  shown  are  unshielded;  the  dose  internal  to  a spacecraft  can  be  two 
orders  of  magnitude  smaller  for  earth  orbit,  but  the  Jupiter  radiation  is  harder  to 
shield  out.  The  10°  rad  dose  for  Jupiter  orbit  should  be  a rough  value  for  the  internal 
dose  also. 

Table  2 indicates  the  estimated  radiation-induced  loss  one  may  expect  for 
different  fiber  types. 

The  added  loss  caused  by  the  radiation  is  given  in  dB  for  a 30-m  length  of  fiber, 
representing  approximately  the  attenuation  margin  that  would  have  to  be  provided  in  a 
spacecraft  link  to  allow  for  radiation  effects.  The  induced  loss  coefficient  is  that 
reported  for  large  dose. 

Again,  these  figures  are  approximate  and  are  intended  to  indicate  only  the  order 
of  magnitude  of  the  effects  to  be  expected. 
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Table  1.  Representative  Radiation  Dose 

Type  of  Mission 

No  Shielding 
(Total  Dose) 

Low  Earth  Orbit 

10^-10^  rad/yr 

r 

Synchronous  Earth  Orbit 

10®  rad/yr 

Jupiter  Orbiter 

10®  rad 

Table  2.  Radiation- Induced  Fiber  Loss 


Fiber  Type 

Large  Dose 
Induced-Loss 
Coefficient 

Induced  Loss/30  m 

(dB) 

dB/km  rad 

10^  rads 

10^  rads 

10®  rads 

Fused-Silica ; Suprasil  I 

a 

10-5 

- 

0.3 

Plastic-Clad  Fused  Silica 

1 

o 

0.3^ 

3d 

3 

Corning-Type  B CVD 

10-3* 

3d 

- 

30 

Galileo  K 2K  Glass 

2a 

6 

Pilkington  Hytran  Glass 

lO'^ 

30 



Notes  : 


a.  Ref  5 

b.  Ref  9 

c.  Ref  10 

d.  Estimated  from  early  results  on  nonlinear  low-dose  behavior  in  Ref  9,  10. 


3.3.  Orbital  Exposure  Experiment 

A fiber-optic  data  transmission  experiment  is  currently  under  development  at  JPL 
for  a 6-month  flight  on  board  the  NASA  Long-Duration  Exposure  Facility  (LDEF)  to  be 
launched  in  late  1979.  The  LDEF  is  a Shuttle-launched  vehicle  (Ref.  11  ) which  can  carry  a 
number  of  self-contained  experiments  into  low  earth  orbit  for  exposure  to  the  space 
environment.  A photograph  illustrating  the  LDEF  vehicle  and  a typical  experiment  tray 
is  shown  in  Fig.  4.  LDEF  will  be  retrieved  by  a later  Shuttle  flight  for  data  recovery 
and  evaluation. 

The  purpose  of  the  LDEF  fiber-optic  experiment  is  to  confirm  the  predicted 
radiation  effects  for  several  types  of  fiber  and  to  verify  the  link  design  approaches 
and  the  performance  of  components  used  in  the  experimental  fiber-optic  links . 

The  Fiber-Optic  Data  Transmission  Experiment  will  contain  four  cctlve  100-m  links. 
Single-fiber-per-channel  technology  will  be  used.  The  fibers  for  each  link  will  be 
arranged  in  a planar  helical  coll  such  that  one  side  can  be  directly  exposed  to  space 
and,  if  desired,  a known  thickness  of  shielding  material  may  be  mounted  over  the  coll. 

The  back  side  of  each  coll  will  be  shielded  by  the  experiment  tray  and  other  LDEF 
structure.  Up  to  8 inactive  100-m  fibers  may  also  be  carried  by  the  experiment  for 
Inspection  after  retrieval. 

Each  active  link  will  transmit  a digital  pseudo-random  sequence  at  a nominal 
10-M  bit  rate.  A block  diagram  Illustrating  the  experimental  layout  Is  shown  In 
Fig.  5.  Bit-error-detection  logic  will  be  provided  in  each  test  circuit,  and  errors 
will  be  accumulated  and  recorded  for  later  analysis  (Ref.  12).  A variable  decision 
threshold  In  the  fiber  link  receivers  will  be  used  to  determine  fiber  loss.  A 
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microprocessor  controller  will  sequence  the  operation  of  each  link  and  will  transfer  the 
data  to  the  recorder. 

The  experiment  will  be  battery-powered  and  self-contained,  as  required  by  the 
LDEF  format.  In  order  to  conserve  battery  power,  the  experiment  will  be  turned  on  once 
every  12  hours,  the  complete  data  cycle  lasting  approximately  15  minutes. 

Radiation-sensitive  fibers  of  the  lead-glass  type,  which  have  a known  and  large 
radiation- Induced  attenuation,  will  be  incorporated  into  the  experiment  for  dosimetry, 
as  suggested  In  an  earlier  publication  by  Slgel (Ref.  4).  These  dosimeter  fibers  will 
allow  accurate  measurement  of  the  actual  radiation  dose  received  by  the  fibers  In  the 
experiment . 


4.  SUPPORTING  TECHNOLOGY  INVESTIGATIONS 

The  tasks  described  below  support  future  application  of  fiber  optic  technology. 
4.1.  Temperature  Effects  on  Fiber  Transmission 

Because  of  the  very  large  worst-case  predicted  temperature  excursions  In  the 
Shuttle  payload  bay,  and  smaller  but  still  Important  temperature  excursions  that  are 
possible  on  other  spacecraft,  we  are  Investigating  temperature-induced  changes  In  vari- 
ous fiber  types  at  JPL.  No  change  was  expected  In  glass-core  glass-clad  fibers,  but  the 
behavior  of  plastic-clad  fibers  was  regarded  with  more  uncertainty.  The  results  are 
still  Incomplete,  but  several  conclusions  can  be  made.  Plastic-clad  fibers  are  Indeed 
changed;  the  slllcone-clad  type  being  unusable  below  about  -50°C.  The  changes  were 
reversible.  The  observed  transmission  changes  are  not  necessarily  a consequence  of  a 
loss  mechanism;  they  can  be  caused  by  changes  In  refractive  Index. 

Transmission  measurements  were  made  on  single-fiber  samples  of  different  lengths 
from  1 m to  100  m for  temperatures  from  room  temperature  down  to  -110°C.  No  tests  have 
yet  been  made  at  elevated  temperatures.  Four  different  types  of  fiber  (as  shown  In 
Table  3)  were  tested.  The  transmission  measurements  were  made  at  0.6  urn.  An  attempt 
was  made  to  eliminate  cladding  modes  with  mode  strippers  at  both  Input  and  output  ends 
of  the  fiber. 

Figure  6 shows  relative  transmission  as  a function  of  temperature  for  short 
samples  of  three  types  of  fiber.  For  the  ITT  step  Index  sample,  care  was  taken  to 
eliminate  all  light  propagating  In  the  cladding  or  plastic  jacketing;  otherwise,  effects 
dependent  on  sample  length  might  occur  Chat  are  dependent  on  Input  coupling.  We  con- 
clude that  Intrinsic  transmission  In  a glass-core  glass-clad  fiber  Is  not 
temperature-dependent . 

The  behavior  of  the  Corning  saTTiple  was  different  at  low  temperature  from  the  ITT 
sample.  In  that  It  exhibited  a larger  transmission  loss  for  longer  lengths.  The  ITT 
fibers  showed  a larger  relative  loss  for  shorter  lengths,  as  might  be  expected  If  light 
propagating  In  the  cladding  or  jacket  Is  the  cause.  The  difference  Is  not  fully  under- 
stood at  present. 

For  a short  fiber  length  and  typical  LED  excitation,  significant.  Chough  not 
critical  (1-3  dB) , changes  In  received  power  can  occur  In  glass-clad  fibers,  and 
receiver  design  should  take  this  possibility  Into  account.  We  feel  the  probable  reason 

Table  3.  Typical  Characteristics  of  Tested  Fibers 


Manufacturer 

and 

Designation 

Attenuation 
(dB/km)  at 

X “ 820  nm 

Numerical 

Aperture 

Core 

Index 

Core 

Material 

Clad 

Material 

Core 

Dlam 

(nm) 

Sheath 

Material 

ITT 

Plasclc-Clad 
i (PS-05-40) 

20 

0.25 

1.46 

Silica 

Silicone 

Polymer 

135 

Teflon 

! ITT  Step 

1 Index  CVD 

I (GS-02-10) 

8 

0.25 

1.48 

Doped 

Silica 

Doped 

Silica 

50 

Teflon 

j Corning  Step 
) Index  CVD 
(79-W-Ol) 

0.18 

" 

Doped 

Silica 

Doped 

Silica 

85 

Opaque 

DuPont 

Plastic-Clad 

(PFX-S120-R) 

90 

0.4 

1.46 

Silica 

Polymer 

200 

r 

i 
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Is  chat  some  of  the  light  launched  in  the  cladding  of  a short  link  reaches  the  detector, 
and  this  portion  of  the  total  received  power  is  influenced  by  temperature  changes  in  the 
protective  polymer  sheath  materials. 

The  cause  of  the  dramatic  cutoff  observed  in  the  silicone-clad,  fused-silica 
fiber  at  -80°C  is  the  temperature  coefficient  of  the  index  of  refraction  of  the 
polymer-cladding  compound  which  directly  affects  the  numerical  aperture  (NA)  of  the  fiber . 
The  change  in  index  of  a silicone  compound  similar  to  the  cladding  on  our  fiber  sample 
was  measured  by  the  minimum  deviation  method,  and  the  result  is  shown  in  Fig.  7. 

No  marked  change  in  slope  is  observed. 

Since  the  transmission  loss  is  due  to  the  decreasing  NA  of  the  fiber,  transmis- 
sion changes  should  not  depend  on  fiber  length  - an  expectation  confirmed  by  experiment. 
The  possibility  of  compressive  force  exerted  by  the  teflon  jacket  affecting  the  cladding 
index  was  considered,  but  tests  of  a special  fiber  without  the  teflon  jacket  yielded  the 
same  transmission  vs  temperature  curve. 

The  DuPont-type  of  plastic-clad  fiber  uses  a different  cladding  polymer  Tests 
of  this  fiber  type,  although  made  with  a rather  short  sample,  indicate  a quite  different 
temperature  dependence  (as  seen  in  Fig.  6).  It  is  not  known  yet  whether  the  observed 
temperature-induced  loss  is  a consequence  of  changing  fiber  NA,  or  whether  a 
temperature-dependent  loss  mechanism  is  effective. 

4.2.  Laser  Development 

A group  under  H.  Hendrix  at  NASA  Langley  Research  Center  has  been  involved  for 
some  time  in  the  development  of  semiconductor  light  sources  which  are  applicable  to 
fiber-optic  data  transmission.  Most  of  this  work  has  been  concentrated  on  demonstrating 
long-life,  room-temperature , CW-injection  lasers,  an  important  component  for  fiber-link 
transmitters,  because  of  their  fast  response  and  ability  to  be  efficiently  coupled  to 
fibers.  Some  exploratory  study  of  planar  waveguide  components  has  also  been  done. 

Most  of  this  work  has  been  performed  under  contract.  Development  work  on  CW 
lasers  using  the  GaAlAs  system  has  been  supported  at  RCA  Laboratories  (Ref.  13),  and  some 
effort  has  also  been  directed  toward  planar  waveguiding  techniques  (Ref.  14).  More 
recently,  techniques  were  investigated  for  fabricating  injection  lasers  that  emit  at 
shorter  wavelengths  so  their  emission  would  be  visible  (Ref.  15).  The  GaAsP  system  was 
also  investigated,  as  well  as  the  more  familiar  GaAlAs  system.  Room- temperature  CW 
operation  was  achieved  at  7400A  with  GaAlAs,  and  operation  at  6520A  was  achieved  at  77®K 
in  GaAsP  devices.  The  initial  interest  in  visible-emission  lasers  was  related  to 
instrumentation  applications  involving  interferometry,  but  the  same  devices  are  impor- 
tant because  this  is  the  wavelength  region  for  lowest  attenuation  in  the  DuPont  type  of 
plastic-clad  fused-silica  fiber.  In  addition,  an  Investigation  of  distributed  feedback 
laser  techniques  has  been  reported  (Ref.  16). 

More  recently,  interest  has  turned  toward  the  1.1  um  region,  and  the  InGaAsP 
system  is  being  examined  at  RCA  as  a possible  means  for  achieving  a 1 . 1 p injection 
laser  to  take  advantage  of  the  very  low  fiber  attenuation  which  has  been  reported  there. 

4.3.  Fiber-Optic  Ring  Interferometer 

An  application  of  fiber  optics  in  a ccmpletely  different  area  (rotation  sensing) 
has  been  under  investigation  by  Vali  and  Shorthill  of  the  University  of  Utah  Research 
Institute,  under  NASA  sponsorship.  Their  ideas  may  also  suggest  other  interesting  uses 
of  fiber  waveguides  in  instrumentation  (Ref.  17).  Vali  and  Shorthill  recognized  that  by 
using  a single-mode  fiber  as  the  light  path,  the  sensitivity  of  the  well-known  ring 
interferometer  to  rotation  can  be  increased  many-fold  (Ref.  18).  In  fact,  if  a ring 
light  path  set  up  by  mirrors  is  replaced  by  a fiber  loop  of  the  same  area,  the  rotation- 
induced  path  difference  between  opposite  directions  of  propagation  can  be  multiplied  by 
the  number  of  turns  in  a fiber  coll.  With  the  best  fibers  available  today,  a total  path 
length  of  a kilometer  or  more  seems  easily  achievable.  The  immediate  application  being 
investigated  is  that  of  an  accurate,  all-solid-state  gyro  with  no  moving  parts.  Vali 
and  Shorthill  have  reported  observing  interference  fringes  through  nearly  1 km  of 
Corning  single-mode  fiber  (Ref.  19),  and  are  presently  building  a breadboard  gyro  on  a 
rotatable  table  for  evaluation  of  the  concept.  In  a small  parallel  task  at  JPL, 

W.  Goss  and  R.  Goldstein  are  investigating  sensitive  AC-detection  techniques  needed  for 
readout  of  the  very  small  fringe  shifts  expected  in  a high-performance  optical  gyro. 


5.  CONCLUSIONS 

Recent  exploratory  work  at  several  laboratories  has  identified  candidate  appli- 
cations for  fiber-optic  data  links,  and  many  others  certainly  exist.  It  is  not  yet 
possible  to  say  which  way  the  tradeoff  between  fiber-optic  techniques  and  conventional 
copper  transmission  will  ultimately  go  in  each  of  these  examples.  However,  it  is 
possible  to  make  several  observations. 


The  first  real  applications  outside  the  laboratory  are  likely  to  be  off-line 
experiments  in  situations  where  there  is  a special  need  for  the  type  of  performance  that 


fiber  links  can  offer.  The  direct  advantages  so  often  quoted  for  fiber  links  are 
bandwidth,  small  size  and  weight,  EMI  resistance,  and  low  cost.  It  may  well  be  that 
this  list  Is  In  order  of  Increasing  Importance. 

We  feel  that  the  strongest  near-term  motivation  for  the  use  of  fiber  links  is 
likely  to  be  the  Immunity  to  EMI  problems.  Much  time  Is  spent  In  testing  and  debugging 
In  order  to  eliminate  Interference  and  ground  loops  In  any  electronic  system.  In  some 
Instances,  such  as  In  the  Shuttle-payload  Interface  already  mentioned,  or  as  another 
example,  in  error-free  control  signal  and  data  transmission  on  a large  hlgh-power 
transmitting  antenna,  the  Inherent  Immunity  of  optical  fibers  to  Interconnect-Induced 
EMI  takes  on  a special  significance.  The  first  applications  are  probably  going  to  be  of 
this  type. 

In  almost  all  cases,  fiber-optic  transmission  Is  an  option.  Exceptions  may  exist 
where  only  fibers  will  work,  but  usually  the  same  Job  can  be  done  with  other  techniques. 
The  problem  Is  to  determine  which  approach  is  best. 

Therefore,  In  the  long  term,  cost  will  become  the  most  Important  parameter 
determining  where  fibers  are  going  to  be  used.  Bandwidth,  size,  and  weight  all  play 
a part  In  determining  the  overall  cost.  It  should  be  noted  that  electromagnetic 
compatibility  testing  and  debugging  time  are  also  very  significant  cost  factors. 

Fiber  Is  not  cheap  In  Its  present  state  of  development,  and  fiber  links  are  not 
easy  to  Justify  now  on  the  basis  of  cost  alone.  However,  In  the  future,  fiber  costs  are 
expected  to  come  down  significantly  (Ref.  20).  Fiber-terminal  electronics  are  not 
greatly  different  from  what  would  be  used  with  copper  transmission  lines.  Therefore, 
there  Is  good  reason  for  optimism  on  this  point. 

Environmental  effects  will  have  an  Influence  on  the  design  of  fiber  links  to  be 
used  In  space.  Temperature  effects  on  some  types  of  fiber,  and  radiation  darkening  on 
all  fibers  must  be  taken  Into  account.  More  work  needs  to  be  done  In  this  area,  but 
Initial  results  Indicate  that  with  proper  design,  fiber  links  are  not  likely  to  be 
significantly  more  sensitive  than  the  electronics  they  Interconnect. 

In  the  future,  one  of  the  difficult  tasks  foreseen  by  NASA  Is  that  of  handling 
and  transmitting  very  large  amounts  of  Information  economically.  Where  requirements  for 
very  large  data  rates  emerge,  fiber  transmission  techniques  may  become  particularly 
Important.  Optical  links  should  not  be  thought  of  as  potentially  applicable  only  In 
certain  unique  situations,  but  rather  as  devices  that  can  be  used  In  a wide  spectrum  of 
specific  applications  to  help  solve  a great  number  of  Information  transmission  problems . 
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Diagram  of  Multiplexed  Optical  Transmission  System 
Experiment  at  Kennedy  Space  Center 


Figure  3 


Comparison  of  Developmental  10-Fiber  Cable  with  Multichannel  Wideband 
Copper  Conductor  Cables. 
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FUNDAWENTAl  MODE  SIGNAL  TRANSMISSION  IN  SINGLE-  AND  MULTIMODE  FIBRES 


K.  Petemiann,  H.-G.  Unger 
Institut  fUr  Hochfrequenztechnik 
Technische  UnIversitSt  Braunschweig 
D-3300  Braunschweig 
H-Germany 


SUMMARY 


In  single-mode  operation  of  single-  and  multimode  fibres,  signals  are  transmitted  with  very  little 
distortion.  In  perfectly  straight  and  uniform  fibres, this  residual  distortion  Is  caused  only  by  materlal- 
and  mode  dispersion.  For  a suitable  choice  of  the  emission  wavelength  and  of  the  refractive  index  profile, 
this  dispersion  vanishes  to  first  order,  so  that  as  far  as  the  fibre  Is  concerned,  transmission  rates  of 
some  100  Gbit/s  would  be  possible. 

The  propagation  is  distorted  by  random  bends  as  Introduced  by  the  cabling  process.  Therefore  a 
microbending  loss  occurs,  which,  however,  becomes  negligible  as  long  as  the  fundamental  mode  spotsize  Is 
kept  small.  In  addition,  the  conversion  of  energy  to  higher  order  modes  due  to  microbending  and  its  re- 
conversion distorts  pulses  In  the  fundamental  mode.  This  pulse  distortion  can  be  kept  small  by  suffi- 
ciently attenuating  the  higher  order  modes  or  by  inserting  discrete  mode  filters.  Simple  analytic  design 
considerations  are  given. 


1.  INTRODUCTION 

When  transmitting  high  transmission-rates  by  means  of  optical  fibres,  the  signal  should  be  guided 
in  the  fundamental  mode  only,  thus  delay  differences  between  different  modes  do  not  occur.  The  residual 
pulse  distortion  in  single-mode  operation  remains  quite  small. 

For  studying  the  transmission  properties  In  the  fundamental  mode, fibres  of  most  general  design 
will  here  be  considered.  Fig.  la  shows  a conventional  single-mode  fibre  In  form  of  a cladded-core-  or 
graded-index  fibre.  Another  possibility  for  a single-mode  fibre  is  the  W-fibre  as  shown  in  Fig.  lb 
(Kawakami,  S.  and  Nishida,  S.,  1974)  with  a relatively  large  refractive  Index  difference  (ni-n:)  between 
core  and  Inner  cladding  which  leads  to  good  confinement  of  the  fundamental  mode  field  within  the  core. 

The  W-fIbre  can  be  single-moded  since  the  higher  order  modes  are  leaky  and  thus  attenuated  due  to 
the  outer  cladding  of  the  higher  refractive  Index  nj.  Another  possibility  for  attenuating  higher  order 
modes  Is  to  Insert  discrete  mode  filters  (F1^.  Ic)  into  multimode  fibres  (Furuya,  K.  et  al.,  197S).  We 
then  gain  the  advantage  of  using  low-loss  muTtimode  fibres  for  the  "fundamental  mode  transmission". 


2.  SINaE-MODE  RANa 

To  describe  a single-mode  fibre  according  to  Fig.  la,  the  fibre  parameter 

V • ka  /nj  - n2 

is  introduced,  with  k denoting  the  free  space  wavenumber.  A cladded-core  fibre  or  a fibre  with  truncated 
parabolic  profile  become  single-moded  for  V < 2.4  or  V < 3,53,  respectively.  A H-fIbre  of  Fig.  lb  Is  des- 
cribed by  the  W-fibre  parameter 

• ka  /n'j  - n^  . 

the  refractive  Index  difference  ratio 


« • (nj-n2)/(nj-n3) 

and  the  radii  ratio  c.  The  single-mode  range  of  a W-fibre  can  be  obtained  from  Fig.  2 (Petermann,  K.  and 
Storm,  H.,  1976).  This  diagram  gives  cutoff-curves  of  the  fundamental  HEn-mode  and  the  next  higher  LPu- 
mode  for  small  differences  between  the  refractive  Indices  ni,  ni,  and  ni.  For  a given  c,  the  single-mode 
range  lies  In  between  the  corresponding  cutoff-curves.  In  case  of  c • 1.2,  for  example,  the  single-mode 
range  Is  represented  by  the  shaded  area.  The  fibre  transmission  line  of  Fig.  Ic  also  behaves  as  a single- 
mode fibre.  If  the  mode  filters  let  pass  the  fundamental  mode,  only.  The  design  of  such  mode  filters,  how- 
ever, will  not  be  olscussed  In  the  present  work. 


3.  SIGNAL  TRANSMISSION 

When  Investigating  signal  transmission,  the  dispersion  and  attenuation  characteristics  must  be 

studied. 


Due  to  the  emission  bandwidth  of  the  optical  source  (usually  a laser)  material-  and  mode  disper- 
sion occur  which  lead  to  broadening  of  the  Input  pulse.  In  addition,  the  transmission  Is  distorted  by 
random  bends  which  are  Introduced  by  the  cabling  process.  Due  to  these  random  bends,  the  fundamental  mode 
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suffers  an  additional  attenuation,  the  so-called  microbending  loss.  Due  to  reconversion  from  higher  order 
modes,  microbending  also  distorts  the  pulse  shape. 


4.  WTERIAL-  AND  NODE  DISPERSION 

To  begin  with,  a perfectly  straight  and  uniform  fibre  Is  considered.  The  pulse  distortion  due  to 
Its  material-  and  mode  dispersion  Is  first  considered  separately. 


4.1.  Material  Dispersion 

Material  dispersion  occurs  since  the  refractive  Index  of  glass  or  fused  silica  depends  on  the 
frequency  f • c/X  (X  - light  wavelength,  c - speed  of  light)  at  which  light  Is  emitted.  When  considering 
a plane  wave  propagating  through  a homogeneous  medium  of  refractive  Index  ni(f),  the  delay  per  length  tu 
Is  given  by 


(1) 


wavelength 


X' 


c/f  of  the  emitted  light.  When  denoting  the  delay  at  a 
c/fc  as  Tfijg,  T|^  may  be  expanded  In  terms  of  ascending  powers  of  (f-f«): 

i2. 


'M 


"mo  * -gr 


• (f- 


f-f. 


1 ° "m 


(2) 


If  the  optical  source  emits  at  the  center  frequency  fo  with  a spectral  width  Af,  different  spectral  compo- 
nents have  different  delays  which,  to  a first  order  approximation,  spread  over  (dTn(/df)’Af. 


For  fused  silica,  the  dispersion  coefficient  dxj^df  Is  shown  In  Fig.  3.  This  coefficient  Is  posi- 
tive for  X < 1.28  urn  and  turns  negative  for  X > 1.28  urn.  For  X « 1.28  urn,  the  dispersion  coefficient 
vanishes,  thus  the  material  dispersion  Is  reduced  to  an  effect  of  second  order.  A numerical  value  for  this 
lower  dispersion  limit  has  been  given  by  Arnaud  (1976).  He  typically  obtains  for  the  minimum  pulse  broade- 
ning: 

At  « 0.0018  (Af  [THz] )^  ns/km  . (3) 


For  a typical  spectral  width  AX  • Af  (X/f)  • 20  8,  eq.  (3)  yields  a pulse  broadening  of  only 


At  > 0.23  ps/km 


(4) 


In  order  to  make  use  of  this  remarkably  low  dispersion,  lasers  with  fast  modulation,  fibres  with  low  atten- 
uation and  suitable  photodetectors  at  a wavelength  of  about  1.3  urn  are  needed.  Fibres  with  an  attenuation 
of  less  than  1 dB/km  are  already  available  for  the  desired  wavelength  range  (Takata,  H.  et  al.,  1976)  but 
lasers  and  photodetectors  are  still  to  be  developed. 


In  the  wavelength  range  of  0.8  - 0.9  pm  as  It  Is  usually  employed,  material  dispersion  Is  much 
larger.  For  the  above  example,  a pulse  broadening  of  about  120  - 200  ps/km  Is  obtained. 


4.2  Mode  Dispersion 

The  fundamental  mode  propagation  constant  6 depends  on  the  fibre  parameter  V and  therefore  also 
on  the  light  wavelength  X.  Because  of  this  dependence  even  In  fibres  with  wavelength  Independent  refrac- 
tive Index  a dispersion  occurs  which  Is  called  mode  dispersion.  The  fundamental  mode  delay  t can  be 
written  In  a form  similar  to  eq.  (2),  without  material  dispersion  the  coefficient  dT,^df  then  describes  the 
magnitude  of  mode  dispersion.  In  case  of  small  Index  differences  between  core  and  cladding,  mode  disper- 
sion Is  usually  much  smaller  than  material  dispersion  and  can  be  neglected  as  long  as  emission  wavelengths 
with  non-vanishing  dr/^df  are  considered. 

For  conventional  single-mode  fibres  according  to  Fig.  la,  the  mode  dispersion  coefficient  dXg^df 
has  a positive  sign.  In  the  wavelength  region  of  X • 0.8  ...  0.9  pm,  dx^/df  according  to  Fig.  3 Is  like- 
wise positive;  therefore  material  dispersion  and  mode  dispersion  add  to  a larger  dispersion  value. 

If,  however,  signals  are  transmitted  In  the  fundamertal  mode  of  a multimode  fibre,  .ne  dispersion 
coefficient  drm/df  my  becoaw  negative,  as  shown  In  Fig.  4a.  In  case  of  a cladded-core  fibre,  the  minimum 
value  of  dx^df  is  obtained  for  a fibre  parameter  V « 4.5.  The  magnitude  of  this  minimum  strongly  depends 
on  the  refractive  Index  difference  A • (ni-n2)/ni,  as  shown  In  Fig.  4b. 

In  such  a fibre,  material-  and  mode  dispersion  have  opposite  sigre,  thus,  at  least  In  principle, 
a compensation  Is  possible.  For  this  compensation  we  must  require  dx,,/df  s -dxfi|/df.  For  a wavelength 
X ■ 0.85  \m  this  requirement  Is  met  according  to  Figs.  3 and  4 for  a relative  refractive  Index  difference 
A « 0.1.  The  dispersion  then  drops  to  similarly  low  values  as  In  eqs.  (3)  and  (4). 

From  the  technological  point  of  view,  however,  the  realisation  of  the  above  large  refractive  Index 
difference  Is  quite  difficult;  furthermore  very  small  core  radii  are  needed.  For  A • 0.1,  V > 4.5,  and 
X ■ 0.85  ja,  the  core  radius  must  be  made  as  small  as  a ■ 0.9  pm. 

To  facilitate  the  above  compensation  a source  emitting  at  a higher  wavelength  Is  desired.  For  a 
wavelength  X • 1.1  for  example,  we  obtain  from  Figs.  3 and  4 a relative  refractive  Index  difference 
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& « 4 %,  the  realisation  of  which  might  be  possible.  We  then  also  obtain  a larger  core  radius, 
a « 1.9  im,  which  Is  more  suitable  for  splicing  and  connecting  fibres. 

The  above  considerations  are  restricted  to  cladded-core  fibres  with  fibre  parameter  values  V > 4, 
which  are  not  single-mode  and  therefore  must  be  operated  by  Inserting  mode  filters.  Instead  of  Inserting 
discrete  niode  filters  also  a continuous  filtering  Is  possible  by  use  of  the  W-proflle  according  to  Fig.  lb. 
The  resulting  dispersion  coefficient  for  the  fundamer 'j* i mode  In  W-fIbres  Is  shown  In  Fig,  4a  by  the 
dashed  curves.  A refractive  Index  difference  ratio  6 (n- -n2)/(ni-ns)  • 10  and  radii  ratios  c • 1.4  and 

c > 2.0  are  assumed.  The  upper  scale  denotes  the  U-flb'e  (.arameter  as  used  In  Fig,  2. 

Values  for  the  material  dispersion  have  only  been  given  here  for  fused  silica;  but  other  glasses 
have  similar  properties.  The  dispersion  problem  might  become  more  difficult,  however,  when  core  and 
cladding  differ  in  their  dispersion  characteristics.  This  particular  problem  has  been  analyzed  by 
JUrgensen  (1975). 


5.  MICROBENDING 

The  above  considerations  are  restricted  to  perfectly  straight  and  uniform  fibres.  After  cabling, 
however,  the  fibre  deviates  from  perfect  straightness  In  that  It  has  random  bends,  the  so-called  "micro- 
bending".  A fibre  exhibiting  microbending  Is  shown  In  ^1g.  5. 

Due  to  microbending,  the  fundamental  mode  propagation  Is  degraded  In  two  respects: 
aj  The  fundamental  mode  suffers  a microbending  loss. 

b)  Pulse  distortion  occurs  due  to  energy  reconversion  from  higher  order  modes. 


5.1.  Microbending  Loss 

Microbending  causes  the  fundamental  mode  energy  to  partly  convert  to  higher  order  modes  and  to 
the  radiation  field,  so  that  a microbending  loss  occurs.  In  order  to  calculate  this  loss  accurately. 
Interaction  between  the  fundamental  mode  and  higher  order  modes  must  be  determined.  This  requires  an 
extensive  numerical  procedure  and  general  dependencies  are  difficult  to  recognize. 

For  calculating  the  mlcrobendlng  loss  to  a good  approximation,  the  large  number  of  higher  order 
modes  and  radiation  modes  can  be  replaced  by  a single  quasi-mode  (Petermann,  K.,  1976a).  The  mlcrobendlng 
loss  Is  then  obtained  by  calculating  the  coupling  between  the  fundamental  mooe  a 'd  the  quasi-mode,  only. 

When  applying  a simple  model  for  the  quasi-mode  (Petermann,  K.,  1976b),  the  mlcrobendlng  loss  y 
with  respect  to  the  fundamental  mode  power  Is  obtained  as 

y = (l/2)(kni  Wq)2  ♦(l/(kni  w^))  (5) 

with  the  free  space  wavenumber  k and  the  refractive  Index  on  the  fibre  axis  ni.  wt  Is  a spotsize  parameter 

/'  go  00 

“o  ^0^'')  <*'’//'•  Eo(r)  dr  , (6) 

0 *0 

where  Eo(r)  denotes  the  fundamental  mode  field  and  r the  radial  coordinate.  In  case  of  a Gaussian  field, 
for  example,  wo  denotes  the  radius  where  the  Intensity  has  dropped  to  1/e  of  Its  maximum  value.  ik(!l)  re- 
presents the  power  spectrum  of  curvature 

L 

♦ (ft)  . lim^  ly  (1/R)  e'j”^  dzj^  (7) 

with  R denoting  the  local  curvature  radius  of  the  fibre. 

Eq.  (5)  Is  already  a good  approximation  for  the  fundamental -mode  mlcrobendlng  loss.  Gy  choosing 
the  above  mentioned  quasi-mode  In  a more  suitable  way  (Petermann,  K.,  1976a),  the  approximation  according 
to  eq.  (5)  can  be  further  Improved.  For  this  purpose,  effective  spotsize  parameters  woi  and  wo2  are  Intro- 
duced: 

y • (l/2)(knj  Wqj)^  ♦(l/Jtnj  Wqj))  . (8) 

Fig.  6 shows  the  spotsize  parameters  wo,  woi,  and  wo2  versus  the  fibre  parameter  V for  cladded-core 
fibres  and  fibres  with  a truncated  parabolic  profile. 

For  large  values  of  the  fibre  parameter  V,  the  spotsize  parameters  differ  only  slightly  from 
each  other;  therefore  eqs.  (5)  and  (8)  then  yield  nearly  the  same  result. 

To  evaluate  eqs.  (5)  and  (8),  the  power  spectrum  of  curvature  must  be  known.  Theoretical  conside- 
rations (Gloge,  0.,  1975;  Olshansky,  R.,  1975)  Indicate  that  the  power  spectrum  of  curvature  may  be 
written  In  form  of  a power  law; 

♦(ft)  - C/ft^P  (9) 

•1th  a constant  coefficient  C.  The  curvature  spectrum  Is  characterized  by  the  parameter  p,  where  p ■ 0 
ow^rvsfoNds  to  a flat  power  spectrum  with  zero  correlation  length,  while  p • 1,2  account  for  the  more 
'ooMsttc  tltuatlon  of  larger  correlation  distances. 

It  has  boon  shown  (Petermann,  K.,  1977)  that  eq.  (5)  yields  exact  results  for  p • 0,  while 
am  t:  la  eaact  in  case  of  p • 1,  Independent  of  aqy  specific  refractive  Index  profile.  Beyond  these 
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special  cases,  eqs.  (5)  and  (8)  represent  excellent  approximations  also  for  other  power  spectra  as  long 
as  Wo,  Woi,  wojdo  not  differ  too  much  from  each  other.  But  even  In  case  of  some  difference  between  wo. 

Wot,  and  Wo2  as,  for  example.  In  case  of  a cladded-core  fibre  with  fibre  parameter  V > 1.5,  eq.  (8)  de- 
viates less  than  20  * from  exact  numerical  results  for  the  power  spectrum  of  eq.  (9)  and  p • 0,  1,  2. 

The  agreement  between  eqs.  (5),  (8)  and  accurate  results  still  becomes  much  better  for  larger  V-values. 
Therefore  eqs.  (S),  (8)  represent  excellent  approximations  for  the  fundamental  mode  microbending  loss  In 
conventional  single-mode  fibres  and  multimode  fibres  of  practical  Interest. 

For  a W-fIbre  according  to  Fig.  lb,  this  agreement  may  be  not  quite  as  good  as  shown  by  Petermann 
and  Storm  (1976).  Fig.  7 shows  the  ratio  of  the  accurate  microbending  loss  to  the  approximate  loss  accor- 
ding to  eq.  (5)  versus  the  radii  ratio  c for  curvature  power  spectra  according  to  eqn.  (9).  In  Fig.  7a, 
the  parameters  • 2.4  and  6 » (ni-n2)/(ni-n9)  » 8.75  are  chosen,  and  c • 1 represents  the  conventional 
cladded-core  fibre. 

For  p * 0,  eq.  (5)  yields  exact  results;  for  p < 2,  It  deviates  by  less  than  10  % from  exact 
results  If  only  the  radii  ratio  Is  c » 1 or  c > 1.7.  For  Intermediate  values  of  c,  however,  the  accurate 
microbending  loss  Is  much  larger  than  the  value  obtained  from  eq.  (5).  This  large  difference  Is  due  to 
the  peculiar  field  distribution  In  a W-fIbre.  The  field  Is  strongly  concentrated  within  the  fibre  core, 
then  decays  rapidly  through  the  Inner  cladding  but  extends  far  Into  the  outer  cladding  of  refractive 
Index  ni.  This  peculiar  behaviour  cannot  properly  be  described  by  only  Introducing  the  spotsize  parameter 
Wo  as  In  eq.  (5). 

The  fibre  parameters  of  Fig.  7a  are  Indicated  by  a cross  In  Fig.  2.  It  Is  obvious  that  this  fibre 
Is  close  to  the  HEn-fundamental  mode  cutoff.  Fibres  of  practical  Interest  will  be  designed  closer  to  the 
cutoff  of  the  next  higher  LPu-mode,  as,  for  example,  the  fibre  indicated  by  a circle  In  Fig,  2 with  para- 
meters \ = 3.0  and  i * 5,6.  For  those  parameters.  Fig.  7b  shows  the  ratio  of  accurate  mlcr^endlng  loss 
to  the  approximation  from  eq.  (5);  under  these  more  practical  conditions,  the  differences  are  less  than 
about  10  *.  The  agreement  Is  much  better  In  this  case  since  the  fields  (In  the  outer  cladding)  decay 
faster  and  therefore  their  contribution  to  the  microbending  loss  becomes  smaller. 

Fig.  7c  shows  the  spotsize  parameter  Wo  for  the  W-fIbres  according  to  Figs.  7a  and  7b,  Accurate 
values  for  the  microbending  loss  may  now  be  obtained  from  eqs.  (5),  (9),  and  Fig.  7. 

We  have  thus  shown  that  eq.  (5)  Is  In  good  agreement  with  accurate  numerical  results  also  In  case 
of  W-fIbres,  if  the  fibre  is  operated  close  to  the  cutoff  of  the  next  higher  LPu-modes.  Otherwise  the 
accurate  value  for  the  microbending  loss  Is  larger  than  the  value  of  the  approximation. 

According  to  eqs.  (5)  and  (8)  the  microbending  loss  essentially  depends  only  on  the  spotsize  para- 
meter w,  and  the  wavelength  of  light  \ = 2ir/k.  For  the  power  spectrum  according  to  eq.  (9),  this  dependence 
can  be  written  as: 

9 . ,(2-4p)  ! ,(2.2p)  (jOj 

For  fixed  wavelength, the  microbending  loss  v Increases  with  the  sixth  or  tenth  power  of  the  spotsize  para- 
meter for  p = 1 or  p = 2,  respectively.  For  the  choice  of  the  optimum  fundamental  mode  spotsize,  two  re- 
quirements should  be  considered: 

al  for  low  microbending  loss,  the  spotsize  should  be  small 

b)  for  low  splicing-  and  connector  loss, the  spotsize  should  be  large. 

In  order  to  meet  both  requirements  as  good  as  possible,  we  require  the  microbending  loss  not  to  exceed 
the  microbending  loss  of  a typical  multimode  fibre.  This  requirement  Is  met  for  wo  ^ 3X  (Petermann,  K., 
1977).  The  proper  wOre  radius  can  then  be  obtained  from  Fig.  6. 

When  considering  the  dependence  of  microbending  loss  on  the  wavelength  of  light,  not  only  the 
wavelength  but  also  the  spotsize  changes  owing  to  the  dependence  of  spotsize  on  the  fibre  parameter  V. 

The  relative  dependence  o^  microbending  loss  on  wavelength  Is  shown  In  Fig.  8 for  a cladded-core  fibre. 
Curvature  spectra  according  to  eq.  (9)  are  assumed.  The  dependence  of  the  microbending  loss  on  wavelength 
Is  In  qualitative  agreement  with  the  measured  attenuation  of  single-mode  fibres  (Kaslowski,  S.,  1976). 


5.2.  Pulse  Distortion  Due  To  Microbending 

In  the  preceding  chapter.  It  was  assumed  that  the  fundamental  mode  energy  Is  converted  to  higher 
order  modes  and  that  no  reconversion  occurs.  If,  however,  the  attenuation  of  the  higher  order  modes  Is 
low  enough,  the  higher  order  mode  energy  Is  partly  reconverted  Into  the  fundamental  mode  and  distorts 
signals. 


Such  signal  distortion  Is  more  likely  to  occur  In  fibres  according  to  Figs,  lb  and  Ic,  since  for 
them  the  higher  order  mode  attenuation  may  be  quite  low.  In  the  W-fIbre  of  Fig.  lb,  the  higher  order 
modes  are  continuously  attenuated,  while  In  Fig.  Ic, higher  order  modes  are  attenuated  by  discrete  mode 
filters. 


Pulse  distortion  due  to  energy  reconversion  has  been  analyzed  earlier  for  millimeter-waveguide 
applications  (Unger  1961).  A more  general  study  Is  possible  by  applying  the  time  dependent  coupled  power 
equations  (Marcuse,  D.,  1974),  where  we  assume  for  our  presenf-  problem  tnat  coupling  takes  place  from  the 
2 fundamental  HEu-modes  to  the  four  LPu-modes  only.  These  LPu-modes  then  partly  reconvert  their  energy 
to  the  HEu-mode,  while  some  of  their  energy  converts  also  to  modes  of  still  higher  order. 

The  pulse  distortion  due  to  mode  conversion  and  reconversion  can  be  controlled  In  two  ways: 
al  by  Increasing  the  attenuation  difference  between  HEu-  and  LPu-mode 
b)  by  Increasing  the  number  of  mode  filters. 

For  calculating  the  pulse  distortion,  we  assume  that  only  the  fundamental  mode  Is  launched  and  also  that 
only  the  fundamental  mode  Is  detected  by  the  receiver. 
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This  pulse  distortion  Units  the  maximum  bit-rate  which  can  be  transmitted.  When  binary  PCM-modu- 
latlon  Is  used,  the  most  critical  case  for  the  choice  of  the  decision  level  In  the  receiver  Is  to  distin- 
guish a single  high-level  signal  from  a low-level  signal  which  Is  preceded  by  high-level  signals.  A se- 
quence of  high-level  signals  corresponds  to  a long  rectangular  pulse,  the  output  response  of  which  can  be 
deduced  from  Fig.  9.  The  solid  curve  corresponds  to  the  output  signal  as  obtained  without  reconversion. 

The  dashed  curve  shows  the  pulse  portion  due  to  reconversion;  It  adds  to  the  undistorted  pulse.  This 
pulse  po.'tlon  yields  the  distortion;  the  main  pulse  Is  follow^  by  a pulse  tail  of  relative  amplitude  K. 

The  pulse  tall  decays  exponentially  and  extends  over  a time  span  of  Ax'L/n,  where  At  denotes  the  delay 
difference  per  fibre  length  between  the  HE>i-mode  and  the  LPn-mode.  L denotes  the  total  length  of  the 
fibre.  In  which  n mode  filters  are  Inserted.  The  rate  of  decay  of  the  pulse  tall  from  Its  Initial  ampli- 
tude K depends  on  the  attenuation  difference  between  LPu-  and  HEu-mode. 

For  calculating  the  Initial  pulse  tall  amplitude,  the  attenuation  difference 

Ay  • Yj  - - Y/2  (11) 

Is  Introduced,  yo,  yi»  e^d  y denote  the  loss  coefficients  of  the  HEn-  and  LPu-mode  and  the  microbending 
loss,  respectively.  The  loss  coefficients  y are  related  to  the  respective  modal  power  P according  to 
y « -(dP/dz)/P.  Yi  also  Includes  the  loss  as  arising  due  to  the  coupling  from  the  LPu-mode  to  higher 
order  modes.  If  this  loss  contribution  Just  equals  y/2.  Ay  represents  the  attenuation  difference  between 
the  HE  11-  and  LPu-rnode  In  the  straight  fibre. 

When  transmitting  very  high  bit-rates,  the  amplitude  K should  be  small;  It  should  not  exceed  unity.  ^ 
For  small  K and  when  no  mode  filters  are  Inserted,  one  obtains; 

K . (vL)^  (exp(-bYL)  ♦ AyL  - 1)/(2(AyL)^)  . (12) 

Fig.  10  shows  the  relation  between  the  relative  amplitude  K and  the  attenuation  difference  Ay.  If,  for 
example,  a fibre  of  length  L • 10  km,  exhibiting  a microbending  loss  y > 2dB/km  Is  considered  and  If 
K < 0.25  Is  required,  the  attenuation  difference  Ay  should  exceed  11  dB/km. 

If,  on  the  other  hand,  a fibre  with  Ay  « 0 and  n mode  filters  is  considered,  one  obtains  for  small 
K: 

K . (Y*L)2/4n  . (13) 

For  a fibre  transmission  line  with  y*L  • 20  dB,  corresponding  to  the  above  example.  Fig.  11  shows  the  re- 
lative amplitude  K of  the  pulse  tall  versus  the  number  of  mode  filters  n.  The  dashed  curve  represents  the 
approximation  according  to  eq.  (13)  while  the  solid  curve  represents  an  exact  evaluation  of  the  time  depen- 
dent coupled-power  equations.  For  keeping  the  amplitude  K below  0.25,  20  - 25  mode  filters  must  be  inserted. 

The  above  design  considerations  must  be  applied  if  either  the  pulse  duration  of  the  PCM-signal  is 
small  compared  to  AfL/n  (when  applying  eq.  (13))  or  small  compared  to  Ar/Ay  (when  applying  eq.  (12)).  In 
case  of  a cladded-core  fibre  with  small  microbending  loss,  which  corresponds  to  a fundamental  mode  spotsize 
wt  i 3 un,  the  delay  difference  between  HEn-  and  LPn-mode  Is  larger  than  about  6 ns/km.  Therefore  the 
above  design  rules  must  be  applied  for  bit-rates  higher  than  about  500  Mbit/s. 

Finally,  it  should  be  noted  that  the  above  analysis  represents  a worst-case  calculation,  it  con- 
siders long  sequences  of  high-level  signals.  When  choosing  a suitable  code  for  the  PCM-modulation,  wnere 
long  sequences  of  high-level  signals  do  not  occur,  the  transmission  characteristics  can  be  Improved. 


6.  CONCLUSIONS 

It  has  been  shown  that  microbending  loss  becomes  negligible,  if  the  fundamental  mode  spotsize  is 
chosen  sufficiently  small.  Pulse  distortion  due  to  microbending  also  becomes  negligible,  if  the  higher 
order  modes  are  sufficiently  attenuated.  Under  these  conditions,  the  fundamental  mode  is  able  to  transmit 
very  high  bit-rates,  especially  when  the  fibres  are  operated  at  wavelengths  X > 1 imi,  where  material-  and 
mode  dispersion  compensate  each  other.  In  case  of  this  compensation, transmission  rates  of  hundreds  of 
Gbit/s  become  feasible. 
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Fig.  2:  Cutoff  curvts  of  the  fundawntal  HE., -mode  and  the  first  higher  order  LPj.-mode  In  a W- 
flbre  with  the  radii  ratio  c.  The  shaded  area  shows  the  single-mode  range'‘of  a W-fIbre 
with  c - 1.2 
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Fig.  3:  Material  dispersion  coefficient  for  fused  silica  (calculated  according  to  Malltson,  I., 
1965) 
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a) 


Fig.  4:  Fundamental  mode  dispersion  coefficient 

a)  of  a cladded-core  fibre  (solid  curve)  and  of  H-flbres  (dashed  curves)  with  refractive 
Index  difference  ratio  (n.-n2)/(n.-n,)  • 10.  Assumption:  (n.-n-j/n.  ■ 0.1 

b)  Peak  of  negative  dispersion  for  a'c1added*core  fibre  versus^the  refractive  Index 
difference 

(after  Kawakami,  S.  and  Nishida,  S.,  1974) 


output  optical  power  in  fundamental  mode 


P=1 

Fig.  10:  Minimum  attenuation  difference  between  the  LP,,-mode  and  the  fundamental  mode  for  a given 
maximum  amplitude  K of  the  pulse  tall 


number  of  fibre  sections  n 


Fig.  11:  The  amplitude  of  pulse  tail  when  Inserting  n mode  filters  Into  a fibre  transmission  line 
with  total  mlcrob^lng  loss  (C*t)  * 20  dB 
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ABSTRACT 


When  a Gaussian  beam  is  injected  obliquely  across  the  endface  of  a multimode  optical  fiber,  the 
field  Inside  the  fiber  may  be  explored  either  by  tracking  the  beam  or  by  expansion  in  terms  of  guided 
modes.  For  highly  collimated  beams  and  large  core  radius,  direct  tracking  is  preferable  until  the 
multiply  reflected  beam  fields  can  no  longer  be  individually  resolved.  This  paper  presents  results  for 
the  phase  and  amplitude  of  the  beam  field  as  it  progresses  down  the  fiber  via  successive  reflections  from 
the  core  Interface.  The  analysis  is  performed  by  first  formulating  the  fields  generated  in  the  fiber  by  a 
point  source  and  then  converting  these  fields  to  beam  fields  by  assigning  a complex  value  to  the  source 
coordinates.  It  is  shown  that  paraxial  Gaussian  beam  fields  are  calculable  completely  from  correspond- 
ing polnt-source-exclted  fields  in  a geometric  optical  ray  bundle.  It  is  found  that  the  beam  projection  on 
the  fiber  cross  section  refocuses  between  reflections  but  that  the  beam  divergence  increases  when  the 
number  of  reflections  from  the  fiber  wall  is  sufficiently  large.  Numerical  results  are  presented  for 
beams  Injected  in  c meridional  plane. 

1.  INTRODUCTION 

The  coupling  of  Gaussian  laser  beams  into  dielectric  fibers  is  of  special  Interest  for  optical  com- 
munication. The  extensive  literature  on  this  subject  may  be  divided  into  two  major  categories:  a)  con- 
tributions which  treat  the  problem  by  guided  mode  analysis,  and  b)  contributions  which  employ  a ray- 
optical  approach  (SNITZER,  E.  , 1961;  KAWAKAMI,  S.  and  NISHIZAWA,  J.  . 1968).  The  latter  have 
been  concerned  either  with  the  ray-optical  Interpretation  of  guided  modes  (SNYDER,  A.  W.  , PASK.  C. 
and  MITCHELL,  D.  J.  , 1973)  or  with  direct  ray  tracing.  Ray  tracing  has  been  used  primarily  to  chart 
the  trajectory  of  an  injected  beam,  but  has  not  been  exploited  for  quantitative  information  on  the  ampli- 
tude variation  of  the  beam  field,  especially  in  focusing  regions  where  conventional  ray  optics  is  inap- 
plicable. Moreover,  the  usual  ray-optical  treatment  does  not  account  for  multiple  reflections  at  the 
fiber  wall,  nor  for  conversion  from  rays  or  beams  to  modes  when  the  latter  description  is  more  appro- 
priate. The  alternative  use  of  multiply  reflected  beams  or  of  guided  modes  is  relevant  especially  for 
multimode  fibers  with  large  core  diameter  since  the  spot  size  of  a focused  incident  beam  is  then  small 
compared  to  the  fiber  cross  section.  It  may  therefore  be  advantageous  to  track  the  incident  beam  di- 
rectly into  the  fiber  rather  than  to  express  the  field  at  the  outset  in  terms  of  the  guided  modes.  Such 
beam  tracking  forms  the  substance  of  this  paper.  Beam  coupling  to  the  guided  modes  is  to  be  presented 
separately  (SHIN,  S.  Y.  and  FELSEN,  L.  B.  , in  preparation). 

A new  technique  has  recently  been  formulated  whereby  an  incident  two-dimensional  or  three- 
dimensional  Gaussian  beam  is  generated  from  an  incident  line  source  (cylindrical  wave)  or  point  source 
(spherical  wave)  Qeld  by  assigning  complex  values  to  the  source  coordinates  (FELSEN,  L.  B.  , 1975). 
Thus,  the  Green's  funcHon  problem,  long  of  interest  in  radiation  and  diffraction  theory,  is  also  funda- 
mental for  the  calculation  of  flelds  due  to  Gaussian  beams.  For  the  optical  fiber,  the  relevant  Green's 
function  is  that  for  a dielectric  cylinder  with  homogeneous  or  radially  Inhomogeneous  refractive  index 
profile.  Of  special  Importance  is  the  construction  of  high-frequency  asymptotic  solutions  since  these 
describe  the  parameters  for  optical  propagation.  Such  solutions  can  be  developed  directly  by  ray-optical 
methods,  without  the  need  for  departing  Initially  from  an  exact  formulation  of  the  field  problem.  Apart 
from  yielding  the  desired  Information  directly,  the  ray-optical  method  la  Important  because  it  can  accom- 
modate geometries,  such  as  non-circular  fibers  or  fibers  with  anisotropic  core,  for  which  exact  solutions 
are  not  available. 

While  the  complex-source-point  technique  converts  the  ray-optical  field  into  a general  beam  field, 
it  U adequate  (for  beams  that  remain  well  collimated)  to  consider  only  the  paraxial  region  surrounding 
the  beam  axis  since  the  field  elsewhere  is  very  small.  Under  these  conditions,  it  suffices  to  restrict 
the  source -excited  ray-opUcal  field  to  the  vicinity  of  a central  ray  that  subsequently  becomes  the  beam 
axis;  1.  e. , it  is  adequate  to  treat  a particular  thin  ray  bundle  rat.'ier  than  the  entire  family  of  rays.  It  is 
then  found  that  the  real  parameters  governing  the  phase  and  amplitude  behavior  of  the  field  in  the  ray 
bundle  also  describe  the  field  In  the  Gaussian  beam  when  the  analytic  continuation  to  complex-source - 
point  coordinates  is  performed.  Thus,  as  in  the  parallel  plane  case  (FELSEN,  L.  B,  and  SHIN,  S.  Y.  , 
1975),  a rigorous  link  is  provided  between  point-source -excited  ray  optics  and  paraxial  beam  optics,  in 
terms  of  the  conventional  ray-optical  parameters  which  have  strong  physical  content.  This  aspect 
facilitates  examination  of  the  multiply  reflected  beam  field  solution  with  respect  to  periodic  refocusing, 
beam  spreading,  and  other  physical  attributes. 

2.  RAY -OPTICAL  FIELDS 

* As  noted  in  Section  I,  the  paraxial  ray  bundle  emanating  from  a point  source  is  fundamental  for  the 

subsequent  construction  of  the  fields  excited  by  a Gaussian  beam.  Moreover,  the  three-dimensional 
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fields  In  the  fiber  can  be  easily  derived  from  a knowledge  of  the  two-dimensional  fields  in  the  fiber  cross 
section.  Therefore,  paraxial  ray  bundles  emitted  by  a line  source  parallel  to  the  fiber  axis  (z-axis)  are 
considered  first. 

2.  1 Two-dimensional  Problem 

(a)  General  ray-optical  fields 

The  incident  field  (line  source  in  an  unbounded  dielectric  with  constant  refractive  index)  is  normal- 
ized so  that  is  the  infinite  space  Green's  function 


‘^Inc  ' T ”o*^*  expdkp  + is/4).  kp  » 1 . 


(1) 


where  k is  the  wavenumber  _and  p is  the  distance  from  the  source.  A time  dependence  exp(-iut)  is 
suppressed.  Then  the  field  G along  a ray  after  s reflections  at  the  walls  of  a fiber  with  a radius  "a"  is 
given  by*: 


where 

"iji  = 2s  L -L  + L. 
a o 


(2) 

(2a) 


The  lengths  Lfp.  and  L,  defined  in  Fig.  1.  are  measured  from  the  perpendicular  bisector  of  the 

central  ray  (shown  dashed)  in  a ray  tube:  = a siny^  t®  the  half  length  of  the  central  ray  between  re- 

flections, Lq  locates  the  source  point  S,  L.{^  is  the  distance  to  a ray  tube  focus  (point  of  tengency  of  the 
central  ray  with  the  caustic  of  the  reflected  ray  family,  which  is  not  shown),  and  L is  the  distance  to  an 
observation  point.  The  orientation  of  the  central  ray  is  fixed  by  the  angle  Depending  on  location 

along  the  multiply  reflected  ray,  L and  may  lie  positive  or  negative;  in  regions  @ , they  are 

positive,  while  in  regions  @ , they  are  negative.  The  integer  s counts  the  number  of  reflections,  and 
Of  counts  the  number  of  times  that  the  central  ray  passes  through  a ray  tube  focus.  Focusing  need  not 
occur  after  every  reflection.  In  fact,  a real  focus  L = Lfo  is  possible  only  when  L and  have  the 

same  algebraic  sign,  and  when  1 Lfo  1 < L^;  otherwise,  there  will  be  a virtual  focus.  The  following  rule 
concerning  solutions  of  the  equation  L = Lfo  is  found  to  apply: 


s > (L^/2L^)  + 1/2 
s < (L  /2L„)  - 1/2 


L , L , 

2L  - ' 2 ^ ^ 2L  * Z 

o o 


real  focus  in  region  1 
real  focus  in  region  Z 

no  real  focus 


(3) 


I 

1 


The  ray-optical  formula  in  (2)  evidently  fails  when  L "'Lfo  and  must  then  be  augmented  by  a 
caustic  transition  function  (FELSEN,  L.  B.  and  MARCUVITZ,  N.  , 1973).  We  shall  exclude  such 
observation  points  from  our  oonsiderations.  The  focal  distance  is  given  by 


L,  * L L (L  -2s  L ) 
fo  a o a o' 


or 


(4) 


Thus,  the  focus  moves  toward  the  center  of  the  reflected  ray  cord  (1.  e. , L£q  -«0)  as  the  number  s of 
reflections  increases  sufficiently.  The  total  field  at  an  observation  point  £ , as  computed  by  ray  optics, 
is  given  by  the  sum  of  all  fields  along  rays  passing  through  ^ . This  implies  inclusion  of  all  rays  with 
such  Initial  angles  that  they  reach  p after  an  appropriate  number  of  reflections. 


The  ray-optical  formula  in  (2)  Implies  that  the  wall  reflection  coefficient  is  F e -f  1 so  that  phase 
and  amplitude  of  a ray  are  preserved  after  reflection.  To  account  for  the  incidence -angle -dependent  re- 
flection coefficient  at  the  wall  of  a dielectric  fiber,  the  field  after  every  reflection  should  be  multiplied 
by  FfTa^'  where  (assuming  total  reflection  and  negligible  leakage). 


r (T^)  « 


sin 


sin  y 

a 


- i(cos^Y^ 
+ Mcos^Y^ 


(5) 


where  the  relative  refractive  index  n is  smaller  than  unity. 

See  Appendix  A (also  FELSEN,  L.  B.  and  MARCUVITZ,  N. , 1973)  for  the  source -excited  after  a single 

reflection.  Multiple  reflections  are  treated  in  the  same  way  by  calculating  the  ray  tube  cross  section 
with  reference  to  every  relevant  real  or  virtual  focus. 
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If  the  ray  la  to  be  tracked  over  many  reflections,  it  is  appropriate  to  employ  the  modified  trajec- 
tories and  fields  obtained  when  a lateral  ray  shift  on  the  boundary  is  Included.  For  the  present  discussion, 
the  effect  of  the  ray  shift  can  be  neglected  since  its  cumulative  effect  over  the  range  of  interest  here  is 
not  significant.  It  can  be  shown  that,  at  a given  observation  point,  the  field  computed  from  (2)  and  (5) 
with  the  non-shifted  path  in  Fig.  1 agrees  with  the  field  computed  with  the  laterally  shifted  path  in  Fig.  2 
provided  that  the  number  of  reflections  is  not  too  large  and  that  L / l-fo-  This  is  analogous  to  the  result 
found  previously  for  the  plane  stratified  layer  problem  (FELSEN,  E.  B.  and  SHIN,  S.  Y.  , 1975).  It  should, 
however,  be  emphasized  that  when  the  multiply  reflected  ray  fields  are  to  be  summed  into  guided  modes, 
the  laterally  shifted  paths  must  be  utilized  in  order  to  furnish  the  correct  asymptotic  modal  dispersion 
equation. 


(b)  Paraxial  approximation 

The  ray-optical  fields  in  (2),  with  (5),  are  now  expressed  so  that  they  describe  observation  points 
in  the  vicinity  of  the  central  ray  in  terms  of  quantities  pertaining  to  that  ray.  This  is  accomplished  by 
expanding  the  phase  along  a neighboring  ray  in  terms  of  the  parameters  for  the  central  ray  (the  ray 
amplitude  is  insensitive  to  this  correction).  Thus,  Introducing  a perpendicular  distance  d from  a point 
p on  the  central  ray  to  an  observation  point  p a (^,  d),  one  finds  that,  without  inclusion  of  the  lateral 
shift  (see  Fig.  3),  ~ 

T(£  . d)  a 28  + L + . R = L - , (6) 


provided  that  d « |r|.  Subject  to  this  modification,  the  formulas  in  (2),  with  (5),  describe  the  field  in 
the  paraxial  region  about  the  central  ray  defined  by  the  angle  y^.  Note  that  R is  the  radius  of 
curvature  of  the  wavefront,  positive  for  convex  and  negative  for  concave  curvatures. 


2.  2 Three-dimensional  Problem 


For  the  three-dimensional  case,  the  incident  field,  due  to  an  oscillating  point  source  at  r' = (p*  , z' ), 
is  given  by  the  infinite  space  Green's  function  ~ ~ 


ikr 

G.  = I — . 
me  4irr 


r = [ p^  + (z  - z')^ 


(7) 


where  r is  the  distance  from  the  source  point  to  the  observation  point.  The  ray-optical  field  after  s 
reflections  in  the  cylindrical  waveguide  is,  in  the  partcxlal  approximation: 


G ~ 


1/2 

l-o/®l"  P 

1/2 

eik+ 

Rj/sin  P 

R^/sin  p 

4x  L^/sin  P 

-i(w/2)o. 
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where  the  phase  function  is  given  by 


4-=  (2s  + L)/sin  P + 


(9) 


with 


*^1  “ ^ ■ ^fo 


R,  s 28  L - L + L . 
2 a o 


(9a) 


Here,  P is  the  angle  between  the  ray  and  a line  parallel  to  the  positive  z axis  (see  Fig.  4),d2  is  the 
perpendicular  distance  from  the  central  ray  measured  in  the  plane  containing  the  ray  and  a line  parallel 
to  the  z axis,  and  d^  is  a perpendicular  distance  from  the  central  ray  measured  normal  to  that  plane. 
All  the  other  symbols  have  been  defined  previously.  The  three-dimensional  interpretation  of  various 
distances  D follows  from  the  recognition  that  lengths  D and  O/sln  p measure,  respectively,  the  cross 
sectional  projection  and  the  actual  length  along  a ray.  The  third  factor  in  (8)  normalizes  the  incident  field 
to  its  value  at  the  central  plane  along  the  ray  cord  (see  Fig.  1).  The  first  and  second  factors  account  for 
the  ray  tube  cross  section  spreading  in  transverse  and  longitudinal  planes,  respectively,  as  sketched  in 
Fig.  5,  keeping  in  mind  that  the  non-spherical  wavefront  has  two  different  radii  of  curvature  Ri/slnP  and 
R2/sin  p.  While  the  transversely  projected  ray  tube  focuses  periodically  as  in  the  two-dimensional  case, 
the  longitudinal  projection  expands  indefinitely. 

As  in  (2),  with  (6),  the  boundary  reflection  coefficient  in  (8)  is  Tel.  When  the  incidence-angle- 
dependent  reflection  coefficient  . P)  for  the  boundary  of  the  dielectric  fiber  is  Included,  the  field  in 

(8)  must  be  multiplied  by  [F  (Y^.P)]*  , tvhere 


r (Y,.  P)  - 


sin  P sin  Y • l(cos^Y  ♦ cos^  P - n^) 

a m 

2 2 2 
sin  P sin  Y^  41(008  Y^  ♦ cos  p - n ) 
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J^2  * ®*p[18(Y,.P)] 


(10) 
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The  corresponding  laterally  shifted  path,  required  In  general  but  not  for  the 
Fig.  6, 


present  study.  Is  shown  In 


3-  MULTIPLY  REFLECTED  BEAM  FIELDS 

The  preceding  results  for  line-source  and  polnt-source-exclted  fields  can  be  converted  Into  excita- 
tion by  a sheet  beam  and  a rotationally  symmetric  Gaussian  beam,  respectively,  by  assigning  a complex 
value  to  the  source  point.  For  the  two-dimensional  case  (Fig.  7(a)).  If  the  beam  axis  is  Inclined  at  an 
angle  a with  respect  to  the  positive  x-axls  and  the  beam  waist  Is  centered  at  x thereon,  one  replaces 
the  real  source  point  (x' . y' ) by  (x^,  + lb  cos  a.  lb  sin  o).  where  b is  a positive  constant  related  to  the 
beam  width  vb  at  the  waist  by  b = kv^/z  (FELSEN.  L.  B.  , 1976).  Thus,  the  polar  source  coordinates 
(p'  . ^')  are  transformed  into 


2 2 2 ? ? 
o'  * (x'  + y'  ) = [ (p^  cos  o + lb)  + Pq  sin^  a ] 


(11) 


= tan-1  ^ -1  (.  lb  sln.o,  ^ e 


(12) 


2 2 1/2 

where  p = (x  + y ) = x^,  . For  the  three-dimensional  case  with  source  point  at  (p' .<()',  z' ),  if  the 

beam  axfS  is  t6  be  tncllned  at  an  angle  P with  respect  to  a line  parallel  to  the  z-axis,  U its  projection  in 
the  x-y  plane  is  to  make  an  angle  a with  the  positive  x-axis,  and  if  its  waist  is  to  be  centered  at 
(Xq,  0,  Zjj)  (Fig.  7(b)).  then 


2 2 2 ^2 

( (p  cos  o + ib)  +p  sin  o]  , b sbsinP 


, lb  sin  a 

<p-t  i'b  cos  o-  > = o) 


p sin  a 


z'  = z + i b 
o z 


b^  = b cos  P 

This  may  be  shown  to  be  equivalent  to  the  replacement 


(13) 


(14) 


(15) 


L^  -*  L^  + ib  (two-dimensional  case) 


(16a) 


L.^  "*  L^  + ib^  . z'  -►  z^  + ib^  (three-dimensional  case) 


(16b) 


where  b^  and  bz  are  the  transverse  and  longitudinal  projections,  respectively,  of  the  beam  direction 
vector  b . The  fetal  distance  Lf  for  the  two-dimensional  case  becomes  accordingly: 


L^(L^+ib) 

h ' L^-2s(L^+  ib)  " ^f  * ^f 


where 


, L (L  -2s  L ) - 2s  b 

_ L o a o' 

^ * (L  -2sL_)2  + 4s2b2 
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(18) 


(19) 


For  the  three-dimensional  case, 
b -b  in  (17)  - (19) 

X 

From  (6),  the  paraxially  approximated  phase  for  the  two-dimensional  beam  becomes 
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from  which  one  ob8erve8  that  the  minimum  beamwldth  occure  at  (the  beamwidth  w ie  defined  ao  that  the 
exponential  amplitude  becomea  exp(-d‘/w^)) 


L = Ll 


(22a) 


rather  tlian  at  the  paraxial  ray  tube  focua  (Fig.  8).  The  displacement  from  the  ray  tube  focus  Is 

given  by 


-28  - 2a  L^)^  + 4a^b^]  (L^  - 2.  L^) 

and  the  beamwldth  at  the  minimum  by 


. w^  [(28  - L^)^  ♦ 48^  b^  ] -1/2  _ = (2b/k)‘/^ 


The  total  paraxial  beam  field  ia  from  (2),  for  d « | L-L,^|  , 


(22b) 


(22c) 
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with  the  aquare  roota  ao  defined  that  G|,  -^G  in  (2)  when  b -*0. 

Thua,  after  many  reflectlona,  the  minimum  beamwldth  tenda  to  zero,  the  location  of  the  minimum 
approachea  the  center  of  the  reflected  beam  axia  cord  (aince  }^J  It  -«0),  and  the  field  amplitude  tenda 
to  zero  aince  -*'0.  The  latter  circumatance  impliea  a rapia  divergence  of  the  beam  after  many  re- 
flectiona.  In  (22a).  the  location  of  the  minimum  beamwidth  after  a reflectlona  haa  been  baaed  on  the 
exponential  beliavior  only,  without  inclualon  of  the  algebraic  terma  in  (23).  One  obaervea  that  (23)  re- 
maina  valid  at  the  beamwidth  minimum  ao  that  for  the  paraxial  beam  field,  the  reatrictiona  impoaed  on 
the  ray-optical  formula  (2)  may  be  removed.  Note,  however,  that  aince  Lif-*0  aa  a -•  oo  . the  reaultlng 
reatrlctlon  d « | L|  prohibita  obaervation  polnta  in  the  narrow  focal  region  L,  ->0,  which  then  reaemblea 
that  for  the  paraxial  ray  bundle  (aee  (6)). 

For  the  three -dimenalonal  paraxial  beam,  and  a boundary  reflection  coefficient  F = 1.  one  liaa 
almilarly  (aee  (8)  and  (9)). 


« [2aL^  + L -(L„+ib^)J  ^ ain  P 


2(L-l'  - i l|)/  .in  P 2(2.L^+L-  (L^+lb^))/.inP 


(24) 


with  a conaequent  diaplacement  of  the  beamwidth  minima  along  the  dj  direction  in  the  croaa  aection, 
from  the  ray  focal  pointa  L>  * Lfg  to 


L ■ Lj 


(25a) 


T)ie  normalized  minimum  beamwldth  (at  Ijf)  along  the  dj  direction  and  the  correaponding  normalized 
beamwidth  along  the  Ai  direction,  reapectively,  are  (note  the  change  in  (20)  for  1^  and  L}  in  (19)) 


at  _ . 1 . 

w ^bain  p 


1/2 


j2 

V 

o 


(2a  L +1,'  - L )^ 
’ a f o' 


1^6 


L b^  ain^p 


♦ 1 


(25b) 


8-6 


w 


ik 


The  paraxial  beam  field  becomet*  with  the  square  roots  so  defined  that  as  b -*0, 
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(26) 


As  before,  the  multiply  reflected  beam,  when  projected  onto  the  waveguide  cross  section,  focuses 
periodically  but  diverges  more  strongly  after  successive  focusings;  the  longitudinally  projected  beam 
profile  spreads  out  continuously.  This  is  shown  in  Fig.  8 for  the  special  case  when  the  beam  axis  lies  in 
a meridional  plane. 

The  modifications  for  the  indicence-  angle  dependent  reflection  coefficient  in  (5)  and  (10)  follow 
from  Sec.  II  but  do  not  appreciably  affect  the  observations  made  above  in  connection  ^th  beam  tracking. 

The  utility  of  beam  tracking  becomes  questionable  when  the  multiply  reflected  beams  can  no  longer 
be  individually  resolved.  It  may  then  be  prefereable  to  employ  the  guided  mode  expansion  (SHIN,  S.  Y. 
and  FELSEN,  L.  B.  , in  preparation).  An  appropriate  criterion  defining  the  limit  of  resolution  in  the 
longitudinal  section  of  Fig.  8 is  the  equality  of  the  axial  beamwidth  after  s reflections  and  the 
spacing  Za  between  successive  reflections.  Both  Q,  and  Za  can  be  expressed  as  in  the  parallel  plane 
geometry  r FELSEN.  L.  B.  and  SHIN.  S.  Y. , 1975), 

8 R 

°s*<kb>  IhTp  • Zp-'iL^cotp  , (27) 

where  R,  * (2sL^  + L - Ljj)/sinP  is  the  total  path  length  along_the  beam  axis  after  s reflections. 

From  Q,  « Za,  one  obtains  the  limiting  number  of  reflections  s,  beyond  which  the  multiply  reflected 
beam  fields  flll  the  entire  longitudinal  cross  section  (see  Fig.  8(b)),  as  the  integer  closest  to  s s s,. 
where  ^ 

• | * (2La)’^(kWoLaSinP  cos  P + Lo*  L)  » ykw^sinPcosP  . (28a) 

The  last  expression  is  valid  when  P ^ 0,  and  w is  defined  in  (22c).  The  corresponding  axial  distance 
Z|  is  ° 

(28h) 


The  limit  of  resolution  in  the  transverse  cross  section  (Fig.  8)  is  somewhat  less  clearly  defined. 
Here,  the  degree  of  collimation  of  the  beam  may  be  taken  as  an  appropriate  measure  of  the  utility  of 
beam  tracking.  Since  the  angular  divergence  <p  of  a Gaussian  beam  is  ^ s 2tan*^(2/kw,).  where  w,  is 
the  minimum  spot  size  as  given  in  (22c),  one  may  solve  for  the  number  of  reflections  I as  the  Integer 
closest  to  s^  corresponding  to  a specified  value  of  C S tan  {<p/ Z).  recognizing  that  kwQ»  1: 


C)^  - IXl^  +b^)] 
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Ckw^L^[4(Lf  +b^)‘/^J-‘, 
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-CSfl  (29) 


When  C is  of  the  order  of  unity,  the  beam  is  strongly  divergent,  and  s^  may  then  be  taken  to  define  a 
limit  on  the  utility  of  the  beam  tracking  procedure.  The  overall  limit  is  then  provided  by  the  smaller  of 
s I and  S(. 


4.  INFLUENCE  OF  FIBER  ENDFACE 

In  the  preceding  treatment,  it  has  been  assumed  that  the  incident  beam  is  launched  from  inside  the 
fiber.  To  account  for  exterior  launching  across  an  endface  as  in  Fig.  9,  we  consider  a transmitted  ray 
tube  on  one  side  of  a dielectric  interface  (where  the  wavenumber  is  k)  when  a point  source  is  situated 
on  the  other  side  (where  the  wavenumber  is  k^).  Since  the  transmitted  wavefront  is  non-spherical,  the 
family  of  transmitted  rays  does  not  converge  on  a point  but  is  tangent  to  a caustic  surface  (FELSEN,  L.  B. 
and  k^RCUVITZ,  N. , 1973).  Therefore,  the  field  across  the  endface  inside  the  fiber  does  not  have  the 
form  (7)  but  rather  a form  similar  to  (8)  which  accommodates  an  astigmatic  ray  pencil.  Moreover,  with 
P denoting  tlie  angle  between  the  incident  ray  and  a line  parallel  to  z (see  Fig.  9a),  the  incident  field 
should  be  multiplied  by  the  transmission  coefficient,  [1  4 rd^)]:  the  direction  of  the  transmitted  ray 
pencil  is  Inferred  from  that  of  the  incident  pencil  by  Cell's  law.  These  considerations  lead  to  the  fol- 
lowing field  across  the  endface  Inside  the  fiber: 


8-7 


tran* 


Ik  r, 
o i 
s 

4w  r. 


{1  ♦r(F) } 


/ o o 


ik 


(Z)» 


to  to 


(30) 


where 


(2)  _lc  cos^ 
o “ k 2 


O COB 


1 

P 


(30a) 


are  the  distances  to  the  virtual  foci  of  the  astigmatic  ray  pencil,  while  r^  and  r^  are  the  lengths  of  the 
incident  and  refracted  ray  segments,  respectively,  measured  along  the  central  ray.  The  paraxial  dis- 
tances dj  and  trom  the  central  ray  are  measured  perpendicular  to  the  plane  of  incidence  and  in  the 
plane  of  incidence,  respectively.  The  various  geometrical  quantities  are  defined  in  Fig.  The  tracking 
of  this  field  between  reflections  at  the  fiber  waU  then  proceeds  as  in  (8),  provided  that  in  the  first  factor, 
Lfo  is  taken  from  (4)  with  L.^  replaced  by  and  in  the  second  factor,  is  replaced  by  LqIZ). 

Conversion  of  the  incident  point-source-excited  field  into  a Gaussian  beam  field  is  accomplished  as 
before  by  making  the  replacements  r^  -*  (r^-  ib). 


5.  NUMERICAL  RESULTS 


The  behavior  of  the  beam  as  it  travels  between  successive  reflections  at  the  fiber  wall  is  described 
by  the  minimum  normalized  beamwidth  (w,  i/w^)  and  the  corresponding  normalized  beamwidth  (w,2/'*'o) 
in  (25b).  When  the  beam  axis  lies  in  a meridional  plane,  one  has  L^  s a and  measures  L from  the 
cylinder  axis  (see  Fig.  1(a)).  Numerical  results  as  a function  of  fiber  radius  and  of  the  width,  minimum 
spot  location  and  launching  angle  of  the  Injected  Gaussian  beam  are  presented  in  Figs.  10-12.  One 
observes  from  Fig.  10(a)  that  decreasing  the  fiber  radius  or  increasing  the  injected  beamwidth  via  b 
eventually  decreases  successive  beamwidth  minima  w,^,  and  hence  increases  the  rate  of  beam  diver- 
gence, in  the  cross  section  plane.  This  behavior  la  attributed  to  the  greater  boundary  curvature  sampled 
by  the  incident  and  successively  reflected  beams  under  these  conditions.  In  the  meridional  plane,  the 
rate  of  divergence  (essentially  linear)  decreases  with  decreasing  fiber  radius  or  increasing  beamwidth. 

In  the  former  case,  this  occurs  because  the  beam  travels  a shorter  distance  between  reflections  (Fig.  lOM 
while  in  the  latter  case,  the  more  highly  collimated  Incident  beam  spreads  more  slowly.  As  the  waist  of 
the  injected  beam  moves  closer  to  the  boundary,  the  rate  of  beam  divergence  in  the  cross  section  plane 
increases  (Fig.  11(a))  but  is  practically  unchanged  in  the  meridional  plane  (Fig.  10(b)).  This  follows 
from  (2Sb).  with  (18)-(20),  since  the  dependence  of  WgX  oo  3->o  occurs  in  the  product  (sL.),  whence  in- 
creasing L^  generates  a given  w.j  after  fewer  reflections  s.  Finally,  decreasing  the  injection  angle 
^ has  the  same  cross  sectional  efiect  as  decreasing  the  beamwidth  b since  P and  b in  w.j  occur  in 
the  combination  (b  sin  P).  Thus,  the  beam  diverges  more  slowly  in  the  cross  section  plane  (Fig.  12). 
However,  since  the  distance  between  reflections  is  now  large,  the  beam  may  fill  a substantial  portion  of 
the  meridional  plane  after  or  even  before  the  first  reflection.  It  should  be  noted  that  several  of  the 
(w,x/wo)  curves  achieve  values  greater  than  unity  for  small  values  of  s,  thereby  signifying  better  col- 
limation  between  initial  reflections  before  broadening  occurs. 


6.  CONCLUSIONS 

In  this  paper,  it  has  been  shown  how  the  field  associated  with  a Gaussian  beam  injected  across  the 
endface  of  a multimode  constant  index  circular  fiber  can  be  constructed  entirely  by  the  ray-optical  method. 
This  method  yields  the  amplitude  as  well  as  the  phase  of  the  field  and  can  be  generalized  to  other  fiber 
configurations  (e.g.,  non-circular  geometry  and  (or)  non-lsotropic  composition)  which  have  so  far  defled 
exact  analytical  treatment.  The  ray  solutions  are  converted  into  beam  solutions  by  the  complex-source- 
point  procedure.  The  linkage  between  an  optical  ray  bxindle  and  a paraxial  Gaussian  beam  stressed  in  the 
analysis  has  provided  not  only  physical  insight  but  also  computational  convenience.  While  the  ray-optical 
formulas  fall  in  the  vicinity  of  the  focal  regions  of  the  ray  bundle,  the  corresponding  beam  formulas  re- 
main applicable  there  and  can  be  used  to  predict  the  spot  size  everywhere  along  the  multiply  reflected 
beam.  Thus,  beam  tracking  by  ray  optics  and  subsequent  use  of  the  complex-source-point  method  is 
actually  simpler  than  ray  optics  per  se.  although  the  paraxial  beam  formulas  contain,  except  for  the 
initial  spot  size,  no  other  parameters  than  those  of  the  optical  ray  bundle. 

The  behavior  of  the  multiply  reflected  ray  bundle  and  beam  have  been  discussed  in  some  detail.  An 
obliquely  incident,  non -meridional  ray  bundle,  when  projected  onto  a cross  sectional  plane,  is  refocused 
between  successive  reflections  at  the  curved  flber  wall,  but  the  rate  of  divergence  of  the  bundle  is  found 
to  increase  with  the  number  of  reflections.  On  the  other  liand,  the  longitudinally  projected  ray  tube  cross 
section  expands  continually.  When  the  mtiltlply  reflected  ray  bundle  has  diverged  so  much  that  individual 
reflections  can  no  longer  be  resolved,  it  may  be  better  to  express  the  fleld  in  terms  of  the  guided  modes 
(SHIN,  S.  Y.  and  FELSEN,  L.  B. , in  preparation).  These  observations  remain  applicable  when  the  point- 
source-excited  fields  are  converted  into  beam  fields;  the  focal  regions  of  the  ray  bundle  locate  approxi- 
mately, after  many  reflections,  the  focal  regions  of  the  paraxial  beam.  Thus,  both  the  direct 
beam  tracking  and  the  gaided  mode  formulations  are  useful,  depending  on  the  propagation  length  at  which 
the  field  is  observed.  Very  highly  collimated  beams  Injected  into  a large  diameter  fiber  may  remain 


resolvable  over  considerable  distances.  The  output  field  will  then  again  be  a spot  located  appropriately 
in  the  cross  section  of  the  fiber  endface.  These  observations  are  supported  by  the  numerical  results. 

Only  scalar  Helds  have  been  considered  here.  Electromagnetic  vector  beams  can  be  treated  in  the 
same  manner  by  looking  first  at  the  fields  excited  by  a vector  dipole  and  then  assigning  complex  values 
to  the  source  coordinates.  Moreover,  the  analysis  can  be  readily  extended  to  graded  index  fibers  by 
following  the  procedure  employed  for  the  plane  parallel  configuration  (FELSEN,  L.  B.  and  SHIN,  S.  Y.  , 
1975). 

7.  APPENDIX  A 

Derivation  of  the  Ray-Optical  Formulas 

The  formula  in  (2)  can  be  constructed  directly  by  ray-optical  methods.  First,  one  determined  the 
ray  paths  and  ray  tubes  shown  in  Fig.  1.  In  cylindrical  coordinates,  the  ray  path  can  be  expressed 

as  0°  0(p,^),  where  the  ray  parameter  p Identified  the  initial  ray  orientation  y via  the  relation 
fiK  a cos  y . On  the  ray  path,  the  functional  dependence  of  0 on  p is  for  0 > 0'V  2nfr  (see  Fig.  13), 


0 » - 7^  + 2sy^  + 0 ' + 2nw  (31) 

where  (p' , 0')  locates  the  source  point  x and 

7^^  = cos*\n/a)  . 7^  * cos‘^(p/p^  , 7^  * co»’ ^ (K /p^)  (31a) 

with  p^  and  p denoting  the  greater  or  smaller  values,  respectively,  of  the  radial  coordinate.  The  ray 
tube  cross  section  is  calculated  from  Fig.  1(b)  as 


dA  * p sin  7 d0  = (p  sin  7)  dp  (d0/dK) 


p s const. 


where  p « a cos  y^  ^ p cos  y characterized  the  central  ray  and  dp  is  constant  along  a ray  tube.  The 
ray  tube  cross  section  is  conveniently  tracked  along  p e constant  contours,  for  which  d0/dp  is  then 
evaluated  from  (31);  this  leads  to  the  last  equality  in  (32).  The  procedure  is  analogous  to  that  employed 
in  reference  [9]  for  ray  tracing  in  plane  stratiHed  media,  and  rennains  valid  when  0 in  (31)  is  modified 
to  account  for  a ray  shift  upon  reflection. 

The  ray-optical  field  Is  calculated  from  the  well-known  formula 
ik(4-  - 4- ) 

“ -fl « V ^ 

where  the  caret  superscript  identifies  conditions  at  an  initial  reference  point  along  a ray,  with  0, 
representing  the  phase.  The  Initial  field  can  be  referred  to  the  source  point  (or  focal  point)  by  the  re- 
lation 


ikL  +ir 

o 4 


which  then  reduces  (33)  to  (2). 

The  three-dimensional  field  in  (8)  follows  from  directly  analogous  considerations. 
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central  ray 


Fig.  4 Three-dimensional  geometry.  P is  a paraxial  observation  point. 

Line  AB  is  the  projection  of  the  ray  on  the  cross  section,  measured  in  the  plane 

ABCD  containing  the  ray 
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central  ray 


(a) 


(b) 


Fig.  5 Projections  of  ray  tube  in  three  dimeneiona 

(a)  Projection  of  ray  tube  in  the  direction  of  d^. 

Note:  AB  n COi  lines  AB  and  EG  lie  in  the  cross  section;  point  E is  at  the  center 
of  the  transverseiy  projected  ray  path  EG'  between  reflections. 

(b)  Projection  of  ray  tube  in  the  direction  of  d,. 


kj^d(cos>J,) 


Fig.  6 Ray  trajectories  with  lateral  shift.  The  phase  increment  due  to  the  conventional  lateral 
shift  * -dO/dk^  on  a plane  boundary  is  1^.  where  z is  the  coordinate  along  the 
boundary  and  is  the  wavenumber  along  z.  The  analog  for  the  curved  boundary  is 
A 4'=  • where  1^0*  k cos  and  « -ds/dk^  . 
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beam  axis.b 


(a)  two  - dimensional 
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Fig.  7 Coordinates  for  beam  problem 
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beam  axis 

(a)  physical  configuration 


(b)  definition  of  geometrical  quantities 

Fig.  9 Beam  incident  on  fiber  endface 

(a)  Physical  configuration 

(b)  Deflnitlon  of  geometrical  quantities.  The  right-hand  side  of  the  figure  depicts  the  plane 
of^cidencs  and  the  left-hand  side  depicts  the  projection  on  the  endface.  The  distance 

^ show  the  displacements  of  the  virtual  foci  for  the  refracted  -ay  from  a 

horlsontal  axis  through  the  center  of  the  fiber. 


H-lb 


Number  of  Reflections,  s 


(a)  Cross  Section  Plane 


(b)  Meridional  Plane 


Fig.  10  Minimum  normalized  beamwidth  Wgj/wQ  and  correspondlp*’  normalized  beamwidth  Wg2/w^  vb. 
number  of  reflections,  for  different  fiber  radii  and  initial  minimum  spot  size.  Fixed  beam 
parameters:  p = 15°  , = a.  L(,  = a/9,  k = 2.  54w.  Curve  1:  a = 450;  curve  2:  a = 270; 

curve  3:  a = 180.  Solid  curves:  b = 400;  dashed  curves:  b = 1600.  All  lengths  are  measured 
in  microns. 


Number  of  Reflections,  s 
(q)  Cross  Section  Plane 


Number  of  Ref  lections,  s 
(b)  Meridional  Plane 


Fig.  11  Minimum  normalized  beamwidth  Wgj/wj,  and  corresponding  normalized  beamwidth  Wg2/w„  vs. 
number  of  reflections.  Beam  parameters:  p * 15°  , * a , Lq  * 2a/3.  b ■ 400,  Curve  I: 

a X 450;  curve  2:  a x 270;  curve  3:  a x 180.  All  lengths  are  measured  in  microns. 


Minimum  Normolized  Beam  Width  in  the 


d/ 
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/if 


Number  of  Reflections,  s 

Fig.  12  Minimum  normalized  bcamwidth  Wgi/w^,  and  corresponding  normalized  beamwidth  Wg2/wp 
vs.  number  of  reflections.  Beam  parameters:  p * 1°  , Lg  s a,  Lq  * a/9,  b = 1600,  k s 2.  M 
Curve  1:  a E 450:  curve  2:  a e 180.  The  solid  line  indicates  Wg^/w^  and  the  dashed  line 
Wg2/wo.  All  lengths  are  measured  in  microns. 
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ray  path  equation 
W-  f-  ZottI  - r,.  - 2S  - 0 


Fig.  13  Ray  path  and  path  equation. 
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TESTING  OF  TENSILE  STRENGTH  OF  OPTICAL  FIBER  WAVEGUIDES 

by 

C.Kao,  M.Makliid.J.Goell 
ITT  Roanoke 

Roanoke.  VA  24109,  USA 

Introduction 

The  tensile  strength  of  an  optical  fiber  waveguide  is  an  important  parameter.  It 
determines  both  the  stress  levels  permitted  along  the  fibers  during  cabling  and 
during  service.  In  general,  strong  fibers  require  less  exacting  cabling  machinery 
design  and  allows  more  flexible  choice  of  strength  reinforcing  material  for  making 
up  a cable  to  meet  specific  strength  requirements. 

The  tensile  strength  of  an  optical  fiber  waveguide  is  governed  by  the  existence  of 
a stress  concentration  along  the  fiber,  such  that  fracture  stress  is  reached  at  that 
point.  Current  evidences  suggest  that  surface  flaws  are  principally  responsible 
for  the  development  of  high  stress  concentrations  and  that  failure  of  a uniformly 
stressed  fiber  in  tension  occurs  at  the  deepest  surface  flaw.  Furthermore,  in  the 
presence  of  moisture,  the  flaws  over  the  fiber  surface  would  enlarge  under  a stress 
level  well  below  that  of  the  fracture  stress.  This  effect  is  known  as  fatigue  or 
stress  corrosion.  The  stress  level,  above  which  crack  propagation  takes  place,  is 
called  the  fatigue  limit.  Thus,  if  the  service  stress  is  higher  than  the  fatigue 
limit,  it  could  lead  to  premature  failure. 

The  measurement  of  fiber  strength  is  complicated  by  the  statistical  variation  of 
fiber  strength  along  the  length  of  a fiber.  If  sufficient  data  can  be  gathered  such 
that  the  statistics  of  the  large  but  rare  flaws  are  characterized,  then  extrapolation 
of  statistical  values  of  fiber  tensile  strength  of  one  test  gauge  length  to  that  of 
another  may  be  defined  with  known  confidence  limits.  Otherwise,  extrapolation  is  at 
best  fortuitous.  On  the  other  hand,  if  the  nature  of  the  rare  flaws  are  known, 
then  more  suitable  testing  techniques  may  be  evolved.  What  is  desired  is  to  have  test 
procedures  which  enable  reliable  long  length  strength  to  be  predicted,  while  the 
procedures  should  be  simple  and  should  not  destroy  more  fiber  than  necessary.  This 
paper  indicates,  by  way  of  experimental  evidences,  how  a testing  procedure  could  be 
developed . 

Discussion 

If  the  fibers  are  made  by  a consistent  process,  then  the  statistics  of  flaws  (conven- 
iently expressed  in  terms  of  Weibull  Distribution)  is  well  defined.  If  there  is  more 
than  one  way  for  the  flaws  to  be  formed  in  that  process,  then  the  flaw  distribution 
may  be  multimodal,  and  the  Weibull  probability  plot  may  assume  an  "S"  shape.  This 
situation  was  commonly  found  in  many  fibers.  In  those  cases,  the  statistics  of  the 
rare  large  flaws  are  extremely  important  to  be  determined  accurately;  otherwise, 
extrapolation  for  long  length  strength  may  lead  to  gross  inaccuracies.  If  the  flaws 
are  caused  by  a single  mechanism,  then  a linear  Weibull  plot  results.  In  that  case, 
the  extrapolation  accuracy  should  improve. 

The  above  argument  leads  to  the  following  test  procedure.  From  short  gauge  length 
tests,  the  Weibull  probability  plot  is  constructed  for  a particular  fiber,  using 

F-  1-exp ((0/0^)”  (L/L^)  (t/t^)"]. 

From  the  plot,  the  Weibull  parameter  m is  determined.  In  the  case  of  a non-linear 
plot,  the  determination  of  a valid  m is  in  question. 

Extrapolation  of  long  length  (Li)  strength  from  short  length  tests  results  at  a 
particular  failure  probability  is  given  by 

(o,/o,)”  (Li/Lj)-! 

This  can  be  substantiated  by  using  a proof  test  at  a stress  equal  to  the  expected 
stress  where  a given  probability  of  failure  will  occur.  For  experimental  purposes, 
the  proof  stress  chosen  may  be  for  a Si  probability  of  failure,  for  a short  gauge 
length  of  2 m,  so  that  by  testing  a few  lengths  of  1 km  samples  the  extrapolation 
validity  may  be  verified. 

If  m is  not  well  defined,  then  the  choice  of  proof  stress  becomes  difficult.  In  such 
cases,  proof  tests  i.ni»r  be  carried  out  at  different  stress  levels  in  order  to  determine 
the  rare  flaw  distribution. 

In  the  proof  tests,  it  is  necessary  to  take  into  consideration  the  stress  corrosion 
effects.  If  the  proof  stress  is  applied  over  a considerable  time,  the  fiber  strength 
will  decrease.  The  permissible  duration  can  be  inferred  from  the  static  fatigue  failure 
data . 

Sample  Preparation  and  Test 

The  samples  tested  were  prepared  by  drawing  fibers  of  long  lengths.  The  fibers  were 
coated  on-line  with  protective  claddings  to  reduce  the  possibility  of  damage  due  to 
mechanical  abrasion. 

The  tensile  strength  on  short  gauge  length  was  obtained  by  the  following  technique. 

A long  sample  was  divided  into  the  number  of  specimens  to  be  tested  of  specific  gauge 
length.  A specimen  was  then  mounted  on  the  tensile  tester  (Figure  1)  by  looping  one 
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point  derived  from  long  length  strength  tests.  This  clearly  illustrates  a non-linear 
d i s t r ibut ion . 

A typical  Weibull  plot  for  a short  length  gauge  test  of  a fiber  sample  made  with 
special  precautions  is  as  shown  in  Figure  4.  It  can  be  seen  that  the  m value  is 
greatly  improved  and  that  the  Weibull  plot  is  linear,  except  a small  tail  distribution. 
Proof  test  at  500  kpsi  confirmed  the  extent  of  the  tail.  Thus,  short  length  test 
gives  a good  guide  line  to  expected  long  length  strength  but  extrapolation  using  the 
apparent  m value  would  lead  to  optimistic  estimation  unless  tail  distribution  is  absent. 
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Figure  4 

Static  fatigue  tests  showed  the  t ime- to- f ai lure  for  the  same  fiber  (illustrated  in 
Figure  5)  at  different  stress.  The  n value  was  calculated  from  Figure  5 and  was  found 
to  be  25.  If  the  fiber  is  subjected  even  to  a proof  test  load  of  about  400  kpsi  for 
a duration  of  10  seconds,  the  expected  degradation  from  Figure  5 can  be  seen  to  be 
negligible.  At  a service  load  of  100  kpsi,  the  fiber  is  expected  to  last  forever. 


Figure  5 


Concludini 


Remarks 


The  extrapolation  of  fiber  strength  for  a long  length  fiber  from  short  length  strength 
tests  is  reliable  only  if  the  flaw  distribution  is  well  characterized.  For  a fiber 
with  random  flaws  caused  by  several  mechanisms,  the  extrapolation  is  unlikely  to  be 
reliable. 


The  test  procedure  which  could  be  used  to  characterize  fibers  with  specified  strength 
is  to  conduct  short  length  test  coupled  with  proof  test  at  about  twice  the  service 
strength.  For  fibers  made  for  high  strength,  this  procedure  allows  high  production  yield 
as  well  as  a guaranteed  strength  specification.  For  fibers  made  without  special  pre- 
cautions, this  procedure  could  still  be  adopted,  but  the  fiber  yield  may  be  unacceptably 
low. 
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COLOUR  MULTIPLEXlllG  TECHHiaUES  AHD  APPLICATIOHS  IH 
OPTICAL  WAVEGUIDE  LIHKS. 


David  A.  Kahn 

PlesBey  Radar  Research  Centre 
Havant , Hants . , U . K . 
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I SUMMARY 

The  feasibility  of  colour  smltiplexing  is  established  in  the  paper  by  a review  of  the 
currently  available  conponents,  namely  sources,  detectors,  waveguides,  and  colour  splitting/combining 
devices. 

Operational  systems  employing  colour  multiplexing  and  developed  in  the  author's  laboratory 
are  then  described. 

Finally,  an  assessment  of  the  technique  and  the  identification  of  the  most  likely  application 
areas  is  given. 

1.  IHTRODUCTIOH 

Currently  available  optical  fibre  waveguides  can  have  low  attenutations  over  a very  broad 
region  of  the  spectrum  extending  from  the  visible,  i.e.  0.5um,  up  to  around  1.8um,  almost  two  octaves 
of  frequency  encompassing  a total  bandwidth  of  approximately  U.lo’‘*Hz.  Within  such  a large  bandwidth, 
a great  number  of  channels  can  be  acccamnodated  by  means  of  frequency  division  multiplexing  (FDM)  even 
where  channel  separation  is  extremely  large  by  conventional  standards  11).  The  term  "Colour  Multiplexing" 
is  adopted  to  describe  the  technique  and  distinguish  it  from  the  use  of  subcarrier  FM  with  a single 
optical  source. “t 

2.  SOURCES  AHD  DETECTORS 

2.1.  Detectors. 

The  silicon  photodiode  and  its  derivatives  efficiently  detect  radiation  from  the  U.V.  to  about 
l.lum.  The  germanium  photodiode  extends  the  detection  capability  up  to  about  l.Spm  (2)  but  generally 
suffers  from  a relatively  large,  noise  generating  dark  current.  New  mixed  crystal  photodiode 
technologies  are  emerging  based  upon  Gain  As  (3),  and  Cuin  As/CdS  (U),  which  detect  in  the  region 
beyond  the  silicon  cutoff  wavelength  and  yet  have  low  noise,  high  speed  and  good  quantum  conversion 
^ efficiencies. 

2.2.  Sources. 

Both  semiconductor  lasers  and  light-emitting  diodes  (LEDs)  are  potential  candidates  for 
colour  multiplexing  systems.  Fast  LEDs  are  available  for  a range  of  wavelengths  from  the  visible  up 
to  beyond  lum  using  such  materials  as  GsiAs,  GaAlAs,  GaP,  GalnAs  (5),  where  the  central  wavelength  is 
to  some  extent  programiBablc  by  the  choice  of  the  composition  ratios.  The  large  fractional  bandwidth 
of  the  LED  (3-5)f)  would  limit  the  number  of  channels  to  a maximum  of  about  20,  other  factors 
notwithstanding. 

The  range  of  laser  emission  wavelengths  for  devices  that  can  operate  CW  at  normal  ambient 
temperatures  is  at  present  more  restricted,  although  all  the  indications  are  favourable.!  The 
associated  narrow  linewidths  are  desirable  for  colour  multiplexing  on  the  grounds  of  efficient 
spectral  filtering  and  channel  isolation. 

3.  COLOUR  MULTIPLEXING  TECHNIflUES 

Colour  Multiplexing  and  demultiplexing  ceui  be  accomplished  by  any  one  of  several  passive 
optical  elements  including  the  grating,  the  prism,  and  the  dichroic  filter.  Our  experience  is 
currently  restricted  to  the  dichroic  filter  techniques  which  will  now  be  described. 

i The  dichroic  filter  consists  of  a multilayer  film  deposited  upon  a transparent  substrate 

which  separates  incident  radiation  into  two  colour  bands,  one  of  which  is  transmitted  and  the  other 
reflected.  Ideally,  very  little  radiation  is  absorbed  by  such  a filter,  which  is  mounted  at  an  angle 
I of  1*5®  to  the  incident  radiation  in  order  to  separate  the  incident  power  from  the  reflected  power. 

The  arrangement  is  thus  very  similar  to  the  design  of  a colour  TV  camera. 

I 

The  spectral  definition  of  a dichroic  filter  is  sensitive  to  the  angle  of  incidence  and  the 
operation  of  such  a filter  is  degraded  if  used  with  a highly  converging  or  diverging  radiation  flux, 
such  as  is  normally  associated  with  a fibre  waveguide.  The  problem  can  be  easily  accommodated  by  the 
use  of  auxiliary  lenses  such  that  the  radiation  incident  upon  the  filter  is  in  the  form  of  a collimated 
^ beam  of  relatively  large  diameter  e.g.  2nD. 

i 

• Note,  however,  that  no  restriction  to  the  visible  region  is  intended 
^ t Some  authors  refer  to  the  technique  as  "Wavelength  Multiplexing" 

I I E.g.  paper  3$  of  this  conference 


Whilst  the  dichroic  filter  is  an  efficient  method  of  spatially  separating  two  colour  bands,  it 
by  no  means  adequate  by  itself  to  achieve  desirable  levels  of  crosstalk  rejection.  This  can  be 
achieved  by  the  addition  of  further  filters  in  the  receive  channels.  These  additional  filters  can 
be  of  the  interference  type  or  the  absorption  type  but  must  efficiently  transmit  the  required  channel 
wavelength  whilst  attenuating  the  other  channel(s). 

Similarly,  it  may  be  necessary  to  add  filters  at  the  sou);ce  channel  prior  to  multiplexing, 
as  for  example  in  the  case  of  a LED,  the  spectral  emission  skirts  are  very  broad  albeit  at  low  levels, 
and  some  devices  are  known  to  emit  at  a wavelength  in  addition  to  that  specified/expected. 

U.  OPERATIOMAL  SYSTEMS 

L.l.  History. 

Our  first  colour  multiplexed  link  was  designed  and  constructed  in  1975  and  carried  radar 
video  character  information.  The  purpose  of  the  link  was  to  demonstrate  that  an  optical  link,  in 
addition  to  providing  the  well  categorised  advantages  of  electrical  isolation,  interference  immunity 
and  reduced  fire  hazard,  could  eJ.so  by  virtue  of  its  superior  bandwidth  replace  several  electrical 
cables.  It  was  not  originally  envisaged  that  colour  multiplexing  would  be  used;  however,  when  the 
design  authority  was  offered  the  option  of  a dedicated  clock  channel  (l),  it  was  gratefully  accepted 
as  a means  of  considerably  simplifying  the  terminal  electronics,  reducing  design  and  test  costs,  and 
improving  the  system  performance  and  versatility.  The  link  was  installed  at  the  Admiralty  Surface 
Weapons  Establishment,  U.K.,  in  1976  and  is  performing  satisfactorily. 

During  1976  we  constructed  for  demonstration  purposes  another  link  wherein  the  colour 
multiplexing  was  arranged  to  provide  a duplex  facility  i.e.  one  colour  for  each  direction.  In  order 
to  emphasize  the  versatility  of  the  technique,  one  channel  was  designed  to  carry  baseband  analogue 
video  for  a CCTV  system,  whilst  the  other  channel  carries  digital  data.  No  crosstalk  is  discernable 
in  spite  of  the  adjacence  of  transmitter  and  receiver  at  both  terminals. 

The  experience  gained  from  the  production  of  these  two  links  was  used  to  develop  the 
cosnercial  range  of  duplex  secure  communication  links  (SCL's).  (6) 

i.2.  Technical  details. 

The  terminals  are  designed  as  fully  integrated  units  incorporated  in  a diecast  box  having 
a single  demountable  optical  connector.  The  box  also  contains  two  electrical  connectors  with  separate 
interfaces  for  full  duplex  (where  applicable)  operation,  the  optical  tranamitter(s) , the  optical 
receiver(s),  the  optical  multiplexer,  and  the  power  supply  with  a power  input  connector.  An  outline 
system  block  diagram  is  shown  in  Pig.  1. 

The  terminals  incorporate  low-cost  devices  of  high  reliability,  wide  operating  temperature 
range  and  long  lifetime.  The  optical  transmitters  are  LEDs  operating  at  670nm  (red)  and  900nm 
respectively.  The  receivers  are  p-i-n-  silicon  photodiodes  with  low-noise  trans impedance 
amplification  (7) . 

Demountable  connectors  are  provided  to  enable  ease  of  installation  and  maintenance.  These 
are  based  upon  the  lens  coupler  (8)  within  the  shell  of  a standard  electrical  connector.  The  lens 
coupler  has  a large  area  interface  which  ensures  that  the  connector  is  relatively  immune  from  the 
effects  of  dust  and  grime.  It  also  provides  a good  interface  with  the  dichroic  filter  as  illustrated 
in  Fig.  2. 


5.  USEFUL  FEATURES  OF  COLOUR  MULTIPLEXING 

5.1.  Freedom  from  format  requirements. 

This  is  probably  the  most  useful  feature  of  colour  multiplexing.  Frequently,  the  situation 
arises  where  there  is  a requirement  to  transmit  two  streams  of  information  which  are  not  readily 
compatible  for  multiplexing  purposes  without  a significant  investment  in  design  analyses  and  hardware 
As  examples,  one  could  cite  two  data  streams  with  unrelated  clock  rates,  or  an  analogue  and  a digital 
signal  such  as  CCTV  and  Telegraph,  or  two  RF  signals  where  no  crossmodulation  is  to  be  permitted.  In 
these  situations,  colour  multiplexing  offers  a simple  solution. 

5.2.  Electrical  Isolation 

The  electrical  isolation  that  exists  between  terminals  of  an 
appreciated.  However,  with  the  use  of  colour  multiplexing,  electrical 
channels  can  be  isaintained  at  both  ends  if  required.  This  could  apply 
separation  between  two  RF  channels  is  of  paramount  importance. 

5.3.  The  power/bandwidth  S/N  advantage 

Whereas  using  electronic  multiplexing,  the  information  channels  have  to  share  the  total  optical 
power  which  is  limited  by  radiance  considerations,  with  optical  multiplexing,  the  total  optical  power  is 
increased  in  proportion  to  the  number  of  colour  channels.  The  situation  becomes  even  more  interesting 
if  one  recalls  that  the  electrical  noise  power  from  a photodiode  amplifier  of  low-noise  design  scales 
with  the  cube  of  bandwidth.  Thus  if  one  compares  S/N  ratios  given  two  similar  information  sources  to  be 
multiplexed  and  a choice  between  colour  multiplexing  and  electronic  multiplexing,  the  ratio  becomes 
8:1  or  9<1B.  in  favour  of  the  former.  This  assumes  that  the  electronically  multiplexed  link  requires 
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twice  the  bandwidth  and  that  all  LEDs  involved  deliver  equal  powers  to  the  receiver.  In  general,  the 
S/N  inprovement  is  given  by  301og)on  dB  where  'n'  is  the  number  of  colour  channels.  Alternatively, 
for  a given  S/N  ratio,  the  required  optical  power  per  colour  channel  is  reduced  by  ISilogipn  dB. 

5. **  The  passive  mux/demux  element. 

The  use  of  a multiplexer  that  is  passive  i.e.  consumes  no  power,  and  consists  simply  of  a 
multiple  film  on  a glass  substrate  should  ultimately  be  more  reliable  and  cheaper  than  alternative 
solutions  employing  electronics. 

5.5  Reserve  capacity. 

Any  optical  waveguide  installed  is  capable  of  supporting  additional  communications  channels 
of  almost  any  form  by  means  of  colour  multiplexing,  without  prejudice  to  its  original  and  ongoing 
functions . 

6.  SPECIAL  APPLICATIONS 

6.1.  Duplex  operation. 

This  capability  has  already  been  described.  It  should  of  course  result  in  substantial  cost 
savings  because  of  the  halving  of  the  cable  requirement  and  the  associated  simplification  of  connectors. 

6.2.  Bandwidth  expansion. 

Over  longer  ranges  where  the  dispersion  of  the  waveguide  limits  channel  capacity  using  a 
single  carrier,  the  waveguide  capacity  can  be  increased  in  proportion  to  the  number  of  colour  channels. 

6.3.  Dedicated  clock. 

This  application  has  also  been  mentioned  as  a means  of  system  simplification  and  consequent 
cost  reduction.  It  may  be  noted  that  the  power  needed  for  a clock  channel  is  minimal,  enabling  low 
radiance  devices  to  suffice  for  this  purpose.  (1) 

6. U.  Highway  control. 

On  an  optical  databus,  a design  option  is  to  transmit  data  on  one  colour  channel,  whilst 
using  another  colour  channel  for  highway  control,  routing,  timing  etc. 

6.5.  Highway  multiplexing. 

Different  elements  of  a military  system  e.g.  an  aeroplane  may  require  different  highways  with 
different  protocols.  Thus  one  could  envisage  a weapons  highway,  a flight -control  highway,  a communi- 
cations highway  etc.  By  the  use  of  colour  multiplexing,  all  highways  could  share  the  same  waveguide. 

6.6.  Line  Integrity  Monitor. 

A dedicated  colour  channel  could  be  assigned  to  monitoring  the  integrity  of  a link.  This 
feature  could  be  designed  in  as  part  of  a damage-adaptive  strategy  for  fighting  vehicles,  aircraft  and 
ships.  In  a different  field,  it  is  of  some  significance  in  the  design  of  secure  communications  links. 

6.7.  Instrumentation. 

There  is  currently  a considerable  interest  in  the  possibilities  of  using  optical  (non- 
electrical) transducers  for  various  instrumentation  purposes  in  aircraft  and  other  environments.  The 
impetus  behind  this  interest  is  based  upon  the  concept  of  compatibility  with  optical  fibres  and  the 
resultant  benefits  in  terms  of  interference  immunity,  lack  of  spark  hazard  etc.  The  use  of  colour 
coding  enables  the  outputs  from  these  transducers  to  be  transmitted  down  a single  optical  channel 
which  is  highly  desirable.  In  these  cases,  the  colour  could  be  a direct  analogue  of  the  quantity  to 
be  measured  or  colour  channels  could  represent  digital  code  channels. 

7.  CONCLUSIONS 

In  summary,  it  is  evident  that  the  components  necessary  for  the  implementation  of  colour 
multiplexing  are  now  available,  i.e.  the  sources,  the  detectors,  the  filters,  and  the  waveguide. 
Furthermore,  a standard  two-colour  link  for  simplex  or  duplex  operation  has  been  developed,  based 
upon  the  use  of  the  dichroic  filter  in  conjunction  with  the  lens  coupler. 

Advantages  of  colour  multiplexing  include; 

(a)  Freedom  from  format  constraints. 

(b)  Significant  increase  in  S/N  ratio. 

(c)  Large  reserve  capacity  for  waveguides  already  installed. 

(d)  Optical  isolation  between  channels. 

(e)  Use  of  simple,  passive  mux/demux  element. 
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Potential  Applications  include: 

(a)  Single  fibre  duplex  operation. 

(b)  Bandwidth  expansion  on  dispersion  limited  links. 

(c)  Provision  of  a dedicated  clock  channel. 

(d)  Provision  of  a line  integrity  monitor. 

(e)  Instrumentation  coding. 

(f)  Highway  control. 

(g)  Highway  multiplexing. 

It  is  the  view  of  the  author  that  many  of  the  advantages  and  applications  outlined  will 
introduce  substantial  cost  and  reliability  benefits  over  alternative  schemes  and  that  the  emergence 
of  colour  multiplexing  should  heavily  influence  the  evolution  of  optical  waveguide  systems  architecture. 
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REVIEW  AND  ASSESSMENT  OF  FIBER  OPTICS  FOR  MILITARY  APPLICATION 

H.  Taylor 

Dr.  Sandbank:  Please  could  you  enlarge  on  your  point  that  graded  Index  fibers  are 

needed  for  shipborne  data  links  - i.e.  what  is  nuiximum  path  length,  bandwidth,  etc. 7 

Dr.  Taylor:  Links  involved  are  roughly  1/2  Km  long.  Dan  Altman  of  NELC  showed  that 

graded  index  fibers  are  needed  for  the  following  reason:  In  order  to  minimize  the 
interface  with  the  electronics  the  electrical  carriers  (FSK  modulated)  are  directly 
converted  to  light  signal  and  their  frequency  extends  from  41  MHz  to  83  MHz. 


FIBER  OPTIC  SYSTEMS  FOR  DEFENSE  APPLICATIONS  IN  THE  UK 

B.  Ellis 

Dr.  Stringer:  You  have  described  high  bandwidth  and  digital  optical  fibers  generally 
for  aircraft  application.  Do  you  see  any  objection  to  the  application  of  the 
technology  to  analogue  tasks. 

Dr.  Ellis:  I think  fiber-optics  is  very  well  suited  to  the  sort  of  application  you 
have  mentioned. 

Dr.  Magne:  About  the  Army  application  presentation  slide:  are  the  fiber  optics  cables 
supposed  to  be  lost  after  a move  of  the  tactical  communications  network? 

Dr.  Ellis:  No.  It  is  anticipated  that  the  fiber  cables  would  be  recovered. 

Dr.  Elmer  H.  Kara:  (1)  You  mentioned  100  uW  launched  into  the  fiber.  Do  you  think 
this  could  be  increased  to,  say,  0.5  mW  in  the  future?  (2)  Have  you  made  any 
measurements  on  the  linearity  of  the  LED? 

Dr.  Ellis:  (1)  I would  be  surprised  if  we  could  get  much  more  than  100  uW  from  a 

400  MHz  device.  It  must  be  realized  that  100  pW  is  already  quite  an  impressive 
figure  for  a device  of  this  speed  and  is  quite  adequate  for  most  application. 

(2)  Some  preliminary  measurements  of  non-linearity  have  been  made  but  it  would 
be  premature  to  give  details. 

Dr.  P.  D.  Baker:  Reference  has  been  made  to  the  use  of  fiber  optics  in  avionics;  the 
engine  is  also  part  of  an  aircraft  in  addition  to  the  fuselage.  A fibre  optic 
mounted  upon  a jet  engine  experiences  the  extremes  of  environmental  temperature 
-50°  to  greater  than  300°C  (570‘’F) , and  vibration  levels  in  excess  of  20g;  it  should 
also  be  capable  of  providing  a hand  hold!  A fibre  optic  functioning  under  these 
conditions  is  expected  to  have  a life  well  in  excess  of  1000  engine  operating  hours. 


A REVIEW  OF  NASA  FIBER  OPTIC  TASKS 
A.  R.  Johnston 

Dr.  H.  Beger:  (1)  Have  you  observed  or  do  you  expect  at  higher  radiation  levels 

disturbances  by  scintillation  effects  in  the  fibers?  (2)  Shielding  of  fibers 
against  space  radiation  n\ay  help  only  against  low  energy  radiation. 

Dr.  A.  R.  Jonston:  (1)  We  feel  that  scintillation  errors  will  be  very  unlikely. 

However,  the  LOEF  orbital  experiment  will  be  set  up  to  detect  errors  of  this  type 
if  they  occur.  (Comment  by  Dr.  Maklad  of  ITT  Roanoke:  The  light  from  scintillation 
is  broad  band  and  can  be  effectively  discriminated  against  with  an  appropriate 
filter.)  (2)  Yes,  shielding  cannot  be  expected  to  lower  the  radiation  dose  on  a 
fiber  except  for  the  very  low  energy  portion  of  the  radiation  spectrum.  For  earth 
orbit  applications,  significant  shielding  is  expected  from  typical  spacecraft 
structure.  ^ 


FUNDAMENTAL  MODE  SIGNAL  TRANSMISSION  IN  SINGLE  AND  MULTIMODE  FIBRES 

H.  G.  Unger 

Dr.  Clarrlcoats:  Does  your  theory  apply  to  moderate  v-value  fibres? 

Dr.  Unger:  The  present  theory  for  fundamental  mode  propagation  in  perfect  and  imperfect 
fibres,  and  for  signal  loss  and  distortion  in  this  mode  applies  for  any  v-values  for 
which  the  fibre  guides  this  mode.  It  lumps  all  higher  order  modes  into  a quasi- 
mode,  however,  and  is  hence  not  suited  to  study  multi-mode  signal  transmission. 
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BEAM  EVOLUTION  ALONG  A MULTIMODE  OPTICAL  FIBER 
L.  B.  Felsen,  S.  Y.  Shin 

Dr.  Unger:  Is  the  lateral  Goos-Hahnchen  Shift,  which  is  being  contemplated  recently 

related  to  the  lateral  component  of  beam  shift  that  has  been  discussed  in  the  paper? 

Dr.  Felsen:  The  ray  and  beam  shifts  in  the  paper,  as  developed  for  curved  boundaries, 
are  new  but  they  do  relate  to  the  transverse  lateral  shifts  on  plane  boundaries 
discussed  in  some  recent  literature.  However,  various  published  results  for  both 
the  longitudinal  and  transverse  shifts  are  not  in  agreement  with  one  another.  The 
discrepancies  can  be  traced  to  different  ad  hoc  assumptions  built  into  the  analyses, 
which  lead  to  inconsistencies  in  some  instances  and  to  incorrect  models  in  others. 

We  have  recently  examined  the  entire  subject  of  lateral  ray  and  beam  shifts  within 
a rigorous  framework  based  on  the  solution  of  the  electromagnetic  boundary  value 
problem  when  a ray  field  or  beam  field  impinges  upon  an  interface  separating  two 
different  media.  We  have  established  criteria  for  conditions  that  permit  the 
reflected  beam  to  be  interpreted  as  originating  from  a shifted  position  on  the 
interface,  with  a phase  center  displaced  from  the  location  of  the  shifted  image 
point  of  the  incident  beam  waist.  The  simple  formulas  for  the  beam  shifts,  which 
we  have  derived,  are  further  justified  by  the  fact  that  they  lead  to  the  correct 
conversion  of  multiply  reflected  ray  and  beam  fields  into’ modal  fields  when  an 
incident  ray  or  beeun  is  reflected  repeatedly  at  the  boundaries  of  a planar  or 
fiber  waveguide;  omission  of  the  lateral  shifts,  or  use  of  shifts  different  from 
ours,  yields  an  incorrect  dispersion  equation  for  the  guided  modes.  These  results 
are  contained  in  a forthcoming  paper  by  S.  Y.  Shin  and  L.  B.  Felsen,  "Lateral  Ray 
and  Beam  Shifts  at  an  Interface  Separating  Two  Media,"  to  be  published  in  the 
Special  Issue  of  Radio  Science  devoted  to  Integrated  Optics  and  Optical  Fiber 
Communication . 


TESTING  OF  TENSILE  STRENGTH  OF  OPTICAL  FIBER  WAVEGUIDES 
C.  K.  Kao,  M.  Maklad,  J.  E.  Goell 

Dr.  F.  s.  Stringer:  Have  you  looked  at  flat  cable  flexing? 

Dr.  Maklad:  No,  we  have  not  studied  flat  cable  flexing.  However,  the  strength  of  the 
flat  cable  is  expected  to  be  similar  to  that  of  a single  fiber.  An  adverse 
effect  on  fiber  strength  would  be  possible  if  fiber  crossover  is  present  in  the 
cable  configuration. 

Dr.  Gordon  L.  Mitchell:  How  do  you  grip  fibers?  We  have  hard  problems  with  short 

(high  strength)  fiber  samples  pulling  out  of  grips,  eve,,  when  they  are  cemented  in. 

Dr.  Maklad:  Each  fiber  end  is  wrapped  around  the  spool  once  and  then  taped.  This 
method  provided  enough  traction  to  prevent  fiber  slippage. 


COLOUR  MULTIPLEXING  TECHNIQUES  AND  APPLICATIONS  IN  OPTICAL  WAVEGUIDE  LINKS 

D.  A.  Kahn 

Dr.  Elmer  H.  Hara:  (1)  In  your  duplex  link  what  optical  power  isolation  did  you 

achieve?  (2)  What  coupling  efficiency  did  you  achieve  from  your  light  source  to  a 
fiber  using  the  dichroic  filters  and  lenses? 

Dr.  Kahn:  (1)  The  crosstalk  between  the  channels  was  not  evident  and  I would  estimate 
it  to  be  no  more  than  -40  dB  (optical)  and  probably  never  -60  dB.  (2)  The 
additional  loss  (at  a receiver)  introduced  by  the  lens,  the  dichroic  filter  and 
the  blocking  filter  is  estimated  at  between  1.5  and  2 dB,  largely  caused  by 
Fresnel  reflections.  [A  similar  figure  applies  to  the  transmitter  terminal.] 

None  of  the  components  had  antireflection  coatings.  The  overall  coupling  efficiency 
is  otherwise  essentially  radiance  limited. 

Dr.  A.  G.  Glowe : Could  you  comment  on  the  ability  of  the  technique  to  handle  the 

military  temperature  range?  Presumably  the  sources  would  have  to  be  tracked  by 
the  dichroic  filters. 

Or.  Kahn:  Dichroic  filters  are  robust  elements  that  can  sustain  the  military  temperature 
range.  For  most  of  the  system  applications  which  I described,  oaly  two  or  three 
"colour"  channels  are  required  and  consequently  the  band  separation  can  be  very 
large,  thus  making  the  effect  of  source  or  filter  drift  of  no  consequence.  For 
example,  on  the  two  systems  developed  by  Plsssey,  the  two  wavelengths  are  670  nm 
and  900  nm  respectively. 
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Summary  of  Session  I 
OVERVIEW 
by 

F.  S.  Stringer 

Session  Chairman's  Comments 

1.  This  session,  particulary  papers  1-5  inclusive,  provided  an  encouraging  indication 
that  optical  fibre  technology  can  achieve  already  most  of  the  capabilities  of 
conventional  conductor  techniques,  but  with  very  attractive  and  additional 
advantages.  It  is  noteworthy  that  cost  wes  considered  only  fourth  in  order  of 
importance  and  cost  was  mainly  relevant  to  civil  aviation  needs.  Protection  from 
EMI,  better  handling  of  multiplex  digital  systems,  with  weight  and  space  saving 
offered  the  most  attractive  advantages.  Exeunples  shown  for  aircraft  applications 
were  dramatic. 

2.  New  components  offer  many  novel  techniques  to  obtain  star  and  tee  joints,  couplers 
and  filters.  It  is  evident  a lot  more  work  is  needed  however  before  rationalized 
standards  can  be  achieved. 

3.  Useful  information  is  now  available  on  the  subject  of  performance  loss  when  cables 
are  subjected  to  radiation  from  nuclear  sources.  Only  broad  information  was 
available  to  the  conference. 

4.  Marine  applications,  particularly  for  underwater  purposes,  were  covered  and  the 
presentations  pointed  to  a lot  of  work  which  has  been  done  already.  Though 
considerable  care  is  needed  to  design  for  high  resistance  to  stress  and  weight 
problems,  recent  advances  in  high  strength  cladding  are  of  interest. 

5.  The  presentations  on  fundamental  theory  should  prove  helpful,  particularly  the 
methods  of  using,  or  in  some  cases  removing,  multimodes.  The  discussion  on  tensile 
strength  of  optical  fibres  had  obvious  and  useful  application  to  the  remote  control 
of  equipment  and  to  avionics  systems  connections  which  are  subject  to  flexing. 

6.  Questions  were  limited  to  two  or  three  per  lecture,  not  due  necessarily  to  timing, 
but  apparently  to  a reticence  on  the  part  of  delegates  generally.  Those  questions 
which  were  asked  however  demonstrated  a genuine  specialist  interest.  It  was 
evident  from  the  questions  that  the  conference  was  not  regarded  as  a forum  for 
elementary  education  on  the  subject,  but  it  was  of  interest  to  specialists  in  the 
field. 

7.  The  interest  in  colour  multiplexing  should  be  intense,  since  it  offers  an  increase 
from  current  state  of  the  art  bandwidths  of  up  to  10^  - 10^  Hz  to  a new  upper  limit 
of  10^^  Hz.  Silicon  detectors  were  mentioned,  also  mixed  crystal  detectors.  The 
potential  is  available  for  the  application  of  LEDs  for  colour  systems.  Lasers  are  a 
suitable  alternative  and  '.ichroicj  fibers  are  an  interesting  innovation.  The  integrity 
of  system  data  transmissi  >n  may  be  enhanced  considerably  by  the  introduction  of 
colour.  It  is  a pity  th  c the  subject  was  not  treated  in  more  depth,  but  it  is  to 

be  hoped  more  will  be  s id  about  'it  in  t.  e final  discussion  period. 


j 
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AN  EXPERIMENTAL  OPTICAL-FIBER  LINK  FOR  THE 
COMMAND  AND  CONTROL  SYSTEM  280 


Elmer  H.  Kara  and  H. Claire  Frayn 
Communications  Research  Centre,  Department  of  Communications 
Ottawa,  Ontario,  Canada  K2H  8S2 


SUMMARY 

The  development  of  an  experimental  optical-fiber  link  for  the  Command  and  Control 
System  (CCS-280)  for  the  DDH-280  Destroyer  Escorts  of  the  Canadian  Navy  is  described. 

The  objective  of  the  task  was  to  demonstrate  the  viability  of  optical-fiber  transmission 
systems  in  bomba t action  data  systems  such  as  the  CCS-280.  The  experimental  optical- 
fiber  link,  located  between  two  Situation  Display  Consoles,  consisted  of  31  channels 
transmitting  the  digital  signals  between  the  two  Consoles.  Single  optical  fibers  were 
used  for  each  transmission  channel,  some  of  which  carried  time  division  multiplexed 
signals  at  a maximum  bit  rate  of  10  Mb/s.  The  optical  fibers  were  enclosed  in  an 
armoured  sheath  to  form  a cable  of  approximately  2.5  cm  in  diameter  and  4 m in  length. 

Experimental  trials  were  carried  out  on  a land-based  CCS-280  at  the  Canadian 
Forces  Fleet  School  in  Halifax,  Nova  Scotia,  Canada.  When  acceptance  tests  established 
for  the  CCS-280  itself  were  applied  to  the  optical  link,  the  tests  were  satisfied  with 
zero  defects  and  the  optical  link  performed  satisfactorily  under  simulated  combat  condi- 
tions . 

1 . INTRODUCTION 

The  Communications  Research  Centre  (CRC)  of  the  Department  of  Communications  (DOC) 
was  asked  early  in  1973  by  the  Action  Information  Systems  Section  of  the  Directorate  of 
Maritime  Combat  Systems  (DMCS-7)  of  the  Depa'.'tment  of  National  Defence  (DND)  to  address 
a connector  breakage  problem  in  the  cable  system  for  the  Command  and  Control  System  280 
(CCS-280)  of  the  DDH-280  class  destroyer  escorts.  Because  the  cables  carrying  digital 
signals  were  large  and  stiff,  movement  during  maintenance  of  the  terminals  linked  by 
these  cables  often  placed  stress  on  the  connectors  sufficient  to  break  some  connector 
pins.  Such  breakage  could  severely  reduce  the  combat  readiness  of  the  destroyer  escort. 
The  possibility  of  using  an  optical-fiber  link  to  solve  the  problem  was  suggested  by 
DND. 


After  the  problem  was  studied,  it  was  concluded  that  the  breakage  could  be  avoided 
by  conventional  remedies  such  as: 

(1)  redesign  of  the  cable  clamping  structure  on  the  connector  casing  so  that  the 
cable  is  securely  clamped  and  the  mechanical  strain  is  borne  fully  by  the 
protective  outer  casing  of  the  cable, 

(2)  development  of  a cable  comprised  of  much  smaller  individual  coaxial  cables 

(e.g.  RG-178U)  which  would  be  lighter  and  more  flexible,  and 

(3)  development  of  a multiplex-demultiplexing  system  to  reduce  the  number  of 
transmission  channels. 

These  conclusions  were  discussed  with  DMCS-7,  who  confirmed  that  a new  cable 
clamping  design  and  a multiplexing  system  were  under  consideration.  Although  the  new 
clamping  design  was  well  underway,  the  multiplexing  system  was  not  progressing  well 
because  of  prior  commitments  to  other  tasks.  It  was  then  pointed  out  that  a major  inter- 
est of  DMCS-7  was  to  demonstrate  the  application  of  optical-fiber  links  as  alternatives 
to  coaxial-cable  systems  because  of  the  Inherent  advantages  of  optical  fibers  such  as 
the  immunity  to  electromagnetic  interference  (EMI)  and  radio  frequency  interference  (RFI) 
and  the  elimination  of  ground  loop  problems.  An  optical-fiber  solution  to  this  particular 
problem  would  serve  to  alert  and  inform  armed  forces  personnel  of  the  advantages  of 
optical-communications  technology  in  military  systems.  In  particular,  the  viability  of 
optical-fiber  links  in  military  applications  would  be  demonstrated  by  a successful  oper- 
ation of  such  a link  in  a combat  action  data  system  such  as  the  CCS-280  where  complex 
digital  signals  ranging  from  near  DC  to  megabit-per-second  pulse  rates  with  fast  rise 
and  fall  times  and  critical  timing  relations  are  required.  For  these  reasons,  the  CCS-280 
Optical  Link  Task  was  formally  approved  by  DOC  and  DND  in  October  1973.  The  Task  was 
completed  in.  January  1976  with  the  installation  and  successful  operation  of  the  experi- 
mental optical  link  in  the  CCS-280  located  at  the  Canadian  Forces  Fleet  School  in  Halifax, 
Nova  Scotia,  Canada.  This  renort  summarizes  technical  aspects  of  the  Task. 

1 

2 . O^'riCAL-FIBER  LINK 

^^able  1 lists  the  two  major  contracts  issued  for  the  Task.  The  prime  contractor 
Litton  Systems  (Canada)  Ltd.  who  was  charged  with  overall  responsibility  of  the  Task 
while  Bell-Northern  Research  Ltd.  (BNR)  was  contracted  to  supply  the  optoelectronic 
components.  The  BNR  design  based  on  the  single-f iber-per-channel  approach  was  chosen  over 
the  usual  bundled-f Iber  designs  because  it  would  provide  a smaller  cable  and  it  was  felt 
that  the  single-fiber  design  would  become  the  standard  in  the  future. 


TABLE  1 


TASK  CONTRACTS 


'<>• 


X . Prime  Contract  ($97,500.00) 


Contractor : 

Litton  Systems  (Canada)  Ltd.,  Rexdale,  Ontario  Canada 
Requirements : 

To  design,  construct  and  test  the  optical  lin)c  by 

i)  designing  and  fabricating  the  multiplexing  and  demul- 
tiplexing units, 

ii)  testing  and  debugging  the  multiplexing  and  demultiplex- 
ing units  through  a hardwire  link, 

iii)  integrating  the  optoelectronic  units  into  the  system, 

iv)  testing  and  debugging  the  optical  link, 

v)  installing,  testing  and  debugging  the  optical  link  at 
the  Canadian  Forces  Fleet  School  in  Halifax,  and 

vi)  providing  technical  assistance  during  the  Acceptance 
Tests . 

COMPLETED,  January,  1976. 

2 . Optoelectronic  Components  Contract  ($63,000.00) 


Contractor : 

Bell-Northern  Research  Ltd.,  Ottawa,  Ontario,  Canada. 
Requirements : 

To  design,  construct  and  test  optoelectronic  components 
consisting  of  32  sets  of 

i)  transmitter  units  whic)  contain 

a)  LED  drivers  with  TTI  compatible  input, 

b)  Burrus  type  LFDs, 

c)  fiber  couplers,  and 

ii)  receivers  units  which  contain 

a)  fiber  couplers, 

b)  PIN  photodiodes,  and 

c)  post  detection  amplifiers  with  TTL  compatible 
output . 

To  design  construct  and  test  and  optical  fiber  cable  4 m in 
length  containing  a minimum  of  31  transmission  channels. 

COMPLETED  October,  1975 


2.1  Combat  and  Control  System  280 

A block  diagram  of  the  CCS-280  display  system  is  shown  in  Fig.  1.  The  Situation 
Display  Consoles  (c.f.  Fig.  2)  are  connected  to  the  computer  through  the  electronic  marker 
generator  (EMG) . Each  Situation  Display  Console  (SDC)  has  a large  cathode-ray  tube  (CRT) 
that  displays  the  combat  situation  and  a small  CRT’  that  displays  file  information . An 
operator  monitors  the  displays  and  provides  input  to  the  central  computer  for  action. 

An  analogue  and  digital  signal  cable  system  interconnects  the  SDCs  in  "daisy-chain"  fashion. 

For  the  experiment,  the  digital  signal  cable  between  SDCs  No.  5 and  No.  6 was 
replaced  by  the  optical-fiber  link.  By  choosing  the  last  link  in  the  sequence  of  SDCs, 
disconnection  of  the  optical-fiber  link  for  fault  location  was  facilitated. 

The  multiplicity  of  connections  to  an  SDC  is  clearly  seen  in  Fig.  3.  Each  SDC 
has  attached  to  it  an  input  and  an  output  digital  plug  along  with  analogue  and  other 
cables.  Each  digital  cable  plug  combines  two  78-pin  connectors,  and  terminates  two  1.25" 
diameter  cables  and  14  copper  wires.  Among  the  54  lines  that  are  used  actively,  there 
are  32  bidirectional  data  lines.  A close-up  of  the  input  and  output  digital  plugs  is 
shown  in  Fig.  4. 

2.2  Optical-Fiber  Transmission  System 

Since  bidirectional  optical-fiber  links  were  Impractical  to  construct,  time  division 
multiplexing  (TDM)  was  used  to  reduce  the  number  of  data  lines  to  10  (5  in  each  direction) . 
The  control  lines  were  not  multiplexed  because  of  the  random  nature  of  their  pulse  timing. 
Table  2 summarizes  the  functions  of  the  resulting  31  optical  transmission  lines. 
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TABLE  2 

NUMBER  OF  OPTICAL  TRANSMISSION  LINES 

Function 

Optical  Transmission 

Output  Data/Parity 

Lines 

5 

Output  Controls 

6 

Symbology  Output 

10 

Reset,  Synchronization 

3 

Input  Data/Parity 

5 

Input  Controls 

1 

Light-Pen  Interrupt 

_1 

Total 

31 

Examples  of  the  pulse  timings  for  the  optical-fiber  link  are  shown  in  Fig.  5.  A 
clock  rate  of  10  Mb/s  was  chosen  for  the  multiplexing  and  demultiplexing  (MUX/DEMUX) 
system  in  order  to  take  advantage  of  the  readily  available  transistor-transistor  logic 
(TTL)  technology.  Although  the  maximum  bit  rate  was  set  at  10  Mb/s,  rise  and  fall  times 
of  10  ns  were  required  to  preserve  the  relative  positions  of  the  leading  and  trailing 
edges  of  the  critical  timing  pulses.  The  stringent  timing  condition  also  dictated  that 
the  skewness  between  any  two  lines  be  less  than  20  ns.  The  required  characteristics  of 
t'«c  input  and  output  pulses  of  the  optoelectronic  units  for  data  transmission  are  shown 
in  Fig.  6.  Due  to  the  random  nature  of  the  control  pulses  of  the  CCS-280  where  certain 
i.ogic  states  are  maintained  for  periods  in  excess  of  100  ps,  the  optoelectronic  system 
was  required  to  be  not  only  TTL  compatible,  but  also  DC  coupled.  The  electronic  specifi- 
cations for  the  optoelectronic  system  are  listed  in  Table  3. 


TABLE 

3 

ELECTRONIC  SPECIFICATIONS  FOR 

THE 

OPTOELECTRONIC 

UNITS 

Maximum  bit  rate 

10  Mb/s 

Rise  and  fall  times 

<10  ns 

Error  rate 

<1  in  10* 

bits 

Skewness  between  any  two  channels 

^20  ns 

DC  coupled,  TTL  compatible 

The  general  assembly  of  the  optical  link  is  shown  in  Fig.  7.  The  optoelectronic 
components  are  housed  with  the  MUX/DEMUX  system  in  two  cabinets,  as  shown.  The  coaxial- 
cable  transmission  system  is  terminated  at  a junction  box  (J-box)  contained  in  the  coax- 
fiber-interface  cabinet.  A functional  diagram  of  the  multiplexed  optical  link  is  given 
in  Fig.  8. 

2.3  Optoelectronic  Components 

Figure  9 shows  a transmitter  and  receiver  pair,  along  with  a short  optical  fiber 
used  for  testing  the  units.  A circuit  diagram  for  the  transmitter  unit  is  shown  in 
Fig.  10  and  the  characteristics  are  listed  in  Table  4.  A potentiometer  (R^  - 10  kD)  was 


TABLE  4 

TRANSMITTER  UNIT  CHARACTERISTICS 

TTL  Compatible 
830  nm 
60  mA 
100  mA 


<10  ns 


■•■12  Vt  0.1V9  90  mA 
(e  max.  LED  current  of  60  mA) 


Input 

Peak  emission  wavelength 
LED  maximum  dc  current 

LED  maximum  peak  current 
(1  us  pulse,  10*  pps) 

Light  turn-on  and  turn-off  time 
(10  - 90«) 

Power  supply  requirements 


.(. 


IM 


TABLE  4 (continued) 

Electrical  connector 

Optical  output  connector 
Dimensions 

Operating  ambient  temperature  range 


Mates  with  edgeboard  connector, 
0.100"  centers  (e.g.,  ITT  Cannon 
G05  D16A2BA3L) 

Single-fiber  bulkhead  connector 
jack  (BNR  C-10) 

0.9"  X 2"  X 2" 

+ 10*  to  +40*  C 


provided  to  allow  adjustment  of  the  bias  current  through  the  light  emitting  diode  (LED) . 
Figure  11  shows  the  circuit  diagram  for  the  receiver  unit  and  Table  5 lists  the  charac- 
teristics. Interstage  coupling  is  DC  to  provide  compatibility  with  the  CCS-280  control 
signals.  Since  the  optical  link  was  an  experimental  development,  adherence  to  MIL 
specifications  was  not  demanded. 


TABLE  5 

RECEIVER 

UNIT 

CHARACTERISTICS 

Photodetector 

BNR  D-5-2 

Electrical  output 

TTL  compatible 

Output  rise  and  fall  time 

<5  ns  (output  terminated  with  a 

(0.8  - 2.0  V) 

TTL  gate) 

Power  supply  requirements 

+12  V t25  mV  # 60  mA 
- 5 V ±50  mV  § 10  mA 

Electrical  connector 

Mates  with  edgeboard  connector, 
0.100"  centers  (e.g.,  ITT  Cannon 
G05  D16A2BA3L) 

Optical  input  connector 

Single-fiber  bulkhead  connector 
jack  (BNR  C-10) 

Dimensions 

0.9"  X 2"  X 2" 

Operating  ambient  temperature 

range 

+10*  to  +40*  C 

The  optical  cable  is  4 m in  length  and  contains  31  active  lines  plus  11  spares. 
The  cable  could  have  been  100  meters  or  longer  without  an  alteration  in  the  basic  design 
of  the  optical  link.  The  optical  fiber  characteristics  are  listed  in  Table  6 and  the 


TABLE 

6 

FIBER  CHARACTERISTICS 

Fiber  attenuation 

<50  dB/kN  9 830  nm 

Numerical  aperature 

0.19 

Core  diameter 

60  urn 

Fiber  O.D. 

150  um 

Plastic  jacket  O.D. 

0.9  mm 

Tensile  strength 

60  newtons 

Minimum  bend  radius 

3 nim 

Minimum  recommended  bend 

1 cm 

radius 

cable  characteristics  are  given  in  Table  7.  The  cable  fabrication  process  obviously 
increased  the  fiber  loss  but  the  performance  of  the  system  was  not  affected. 

A total  of  34  fibers  were  terminated  with  single-fiber  bulkhead  connectors.  The 

physical  dimensions  of  a connector  are  given  in  Fig.  12.  The  connectors  are  easily  mani- 
pulated and  no  difficulty  was  encountered  by  personnel  unfamiliar  with  optical-fiber 
technology. 

2.4  Mechanical  Configuration 

The  cabinet  containing  the  optoelectronic  units,  MUX/DBMUX  system  and  power 
supplies  is  shown  in  Pig.  13.  The  plug-in  box  on  the  front  panel  is  a termination  unit 
for  the  coaxial  cables.  The  optical  cable  is  connected  to  the  right  of  the  cabinet  and 

the  individual  optical  fibers  can  be  seen  at  the  centre  of  the  figure. 
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TABLE  7 

ARMOURED  CABLE  CHARACTERISTICS 

Cable  attenuation 

200  dB/km  @ 830  nm 

Number  of  fibers 

42 

Number  of  fibers  terminated 

34 

with  connector  plugs 

Length  of  fibers 

4.8  m 

Length  of  flexible  conduit 

4 m 

Cable  O.D. 

2.2  cm  (0.85") 

Bulkhead  mounting  hole  diameter 

1.9  cm  (0.75") 

Minimum  bending  radius 

15  cm 

Figure  14  shows  the  array  of  optoelectronic  units  in  position.  The  layout  of  the 
optical  fibers  from  the  optical  cable  on  the  right  to  each  optoelectronic  plug-in  unit  can 
be  seen.  The  cage  at  the  lower  righthand  side  of  the  figure  contains  the  MUX/DEMUX  system. 

When  independent  testing  of  the  NUX/DEMUX  circuitry  was  required,  the  optical- 
fiber  system  could  be  temporarily  replaced  by  a hard-wire  (twisted  wire  pair)  cable,  1 m 
long.  Figure  15  shows  the  test  cable  interconnecting  the  two  cabinets.  The  plug  to  the 
optoelectronic  system  is  seen  disconnected  on  the  lefthand  side  of  the  figure.  The  blac)c 
cable  curving  upwards  from  right  to  left  in  the  figure  is  the  optical  cable. 

3.  OPTICAL-FIBER  LINK  PERFORMANCE 

The  optoelectronic  components  were  first  tested  independently.  Some  typical 
waveforms  are  shown  in  Fig.  16.  Table  8 lists  the  results  of  the  acceptance  tests  for 
the  optoelectronic  components.  The  electronic  specifications  were  easily  met  by  the 
optical  system. 

T.\BLE  8 I 


OPTOELECTRONIC  ACCEPTANCE  TESTS 


Plug-in 

Units 

Tx/Rx 

Serial 

N'lmbers 

Output 

Pulse 

Width 

(ns) 

Transmis- 
sion Delay 
(ns) 

Er 

in 

Pu 

Pulse  Rise 
ror  Time 

10’  (0.7V  - 2V) 

Ises  (ns) 

Pulse  Fall 
Time 

(2V  - 0.7V) 
(ns) 

1/1 

48.5 

85 

0 

4 

3 

2/2 

52 

85 

0 

5.5 

3 

3/3 

54.5 

80 

0 

5 

3 

5/5 

48 

94 

0 

3.5 

4 

6/6 

50 

88 

0 

5 

3 

7/7 

51 

86.5 

0 

3.5 

3.5 

8/8 

54.5 

85 

0 

4.5 

4 

9/9 

55.5 

80 

0 

4 

3 

10/10 

54 

82 

0 

4 

4 

11/11 

54 

82 

0 

4 

3 

15/15 

51 

88 

0 

4 

4 

16/16 

50 

81 

0 

4 

3 

18/18 

48.5 

82.5 

0 

5 

3 

19/19 

50 

83 

0 

3.5 

4 

20/20 

51 

85 

0 

4 

5 

21/21 

46 

84 

0 

4 

3 

22/22 

50 

81 

0 

3.5 

3 

24/24 

51.5 

84.5 

0 

4 

4 

25/25 

52 

78 

0 

4 

3 

26/26 

59 

80 

0 

5.5 

4 

27/27 

53 

85 

0 

4 

5 

28/28 

55 

80 

0 

3.5 

3 

29/29 

53 

81 

0 

4 

3 

30/30 

55 

80 

0 

3.5 

3 

31/31 

45 

92 

0 

4 

3 

32/32 

45.5 

93 

0 

3.5 

3.5 

33/33 

55 

86 

0 

4 

3 

34/34 

52 

84 

0 

5 

3 

36/36 

SO 

92 

0 

4 

4 

37/37 

57 

83 

0 

4 

3 

38/38 

56 

80 

0 

4 

3.5 

40/40 

50.5 

84 

0 

3.5 

3 

41/41 

48 

87 

0 

4.5 

4 

42/42 

52 

84 

0 

5 

3 
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The  link  was  Installed  between  SDCs  No.  S and  No.  6 at  the  Canadian  Forces  Fleet 
School,  Halifax,  Nova  Scotia,  Canada  and  subjected  to  a stringent  test  based  upon  the 
original  acceptance  tests  for  the  CCS-280  itself.  All  criteria  were  roet  without  defects. 
A combat  situation  was  also  simulated  and  no  distinction  could  be  seen  between  SDC 
No.  5 and  SDC  No.  6. 

4.  CONCLUSIONS 

The  CCS-280  Optical  Link  Task  has  demonstrated  that  opt- leal -fiber  transmission 
systems  can  be  used  effectively  in  action  data  systems  where  complex  digital  signals 
ranging  from  DC  to  10  Mb/s,  and  with  fast  rise  and  fall  times  of  about  10  ns,  are  trans- 
mitted. The  single-f iber-per-channel  design  was  shown  to  be  satisfactory  and  no  dif- 
ficulties were  experienced  in  handling  the  optoelectronic  components  during  installation 
and  tests.  Multiplexing  of  the  data  lines  was  accomplished  despite  the  stringent  timing 
requirements  imposed  by  the  CCS-280. 

The  demonstration  link  was  designed  to  be  connected  externally  to  the  existing 
components  of  the  CCS-280,  in  order  to  allow  the  system  to  be  returned  conveniently 
to  its  original ' state.  A considerable  simplification  of  the  cable  system  could  be 
accomplished  by  integrating  the' optical  link  into  the  overall  system  design. 

The  expected  spin-off  from  contracting  the  development  and  installation  of  the 
optical  link  to  private  industry  was  also  realized.  The  contract  with  BNR  contributed 
in  part  to  their  development  of  optoelectronic  system  components.  Experience  and 
familiarity  gained  by  LSL  in  the  application  of  optical-fiber  transmission  systems  has 
provided  a bisis  for  their  involvement  in  future  optical-link  projects.  Applications  of 
optical-communications  technology  to  military  communication  systems  are  expected  to 
increase  in  the  coming  years.  In  view  of  their  many  advantages,  such  as  iimnunity  to  EMI 
and  small  size,  optical-fiber  transmission  links  will  no  doubt  be  considered  in  applica- 
tions such  as  the  transmission  of  radar-video  and  sonar  signals,  and  transducer  signals 
generated  by  temperature,  pressure,  rpm  and  volume  sensors,  as  well  as  in  action  data 
systems . 


The  CCS-280  Acceptance  Tests  are  considered  to  be  classified  information. 
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Figure  1 


Block  Dlagran  of  the  CCS-280  Display  Subsystem 

An  analogue  and  digital  signal  cable  system  was  used  In  the  CCS-280. 


situation  Display  Consoles 

Three  Situation  Display  Consoles  located  at  the  Canadian  Fleet  School 
are  shown.  The  consoles  have  12”  diameter  and  5”  (diagonal)  cathode  ray 
tubes . 


Figure  3 


SDC  Interconnecting  Cables 

The  two  digital  coaxial-cable  plugs  are  seen  on  the  righthand  side 
Two  grounding  straps  are  located  next  to  the  digital  plugs.  The  two 
analogue-signal  cable  plugs  are  on  the  lefthand  side. 


Figure  4 


A Close-Op  of  the  CCS-280  Digital  Coaxial  Cable 

Two  cables  each  containing  35  coaxial  cables  are  connected  to  a single 
plug.  The  photograph  shows  two  plugs  aligned  vertically  at  the  back  of  the 
EMG. 
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Figure  S 


Hultiplexing-Demultiplexing  System  Signals 

An  example  of  timing  relations  bet%#een  various  signals  is  shorn. 
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Figure  8 Functional  Diagram  of  the  Optical-Fiber  Link 

Only  the  32  data  lines  were  multiplexed  to  10  lines,  5 lines  In  each 
direction . 
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Figure  9 optoelectronic  Plug-In  Units 

The  fiber  connectors  are  disconnected.  Dimensions  of  the  cases  are 
0.9"  X 2"  X 2".  The  transmitter  is  on  the  lefthand  side.  A stud-mounted 
light-emitting-diode  (LED)  is  used  in  this  example.  The  CCS-280  units 
used  LEDs  mounted  in  TO-18  transistor  headers. 


♦I2v  I0.lv 


Figure  10  Schematic  Diagram  of  Transmitter  Unit 
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Figure  13  Optical  Link  Cabinet 

The  cabinet  dimensions  are  approximately  12 


Optoelectronic  Plug-in  Units 

The  units  are  housed  in  a large  cabinet  in  order  to  avoid  difficulties 
that  may  arise  in  a closely  packed  system. 
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MULTICHANNEL  FIBER  OPTIC  SONAR  LINK  (FOSL-1) 


Frederick  C.  Allard 
Norman  S.  Bunker 
Naval  Underwater  Systems  Center 
New  London,  Connecticut  06320 
U.S.A. 


SUMMARY 


During  the  past  year,  a fiber  optic  transmission  line  was  designed,  built  and  tested  at  sea  in  an 
operational  sonar  system.  This  inboard  transmission  line  conducts  52  channels  from  a preamplifier 
bank  to  a beamforming  section.  Plastic  fiber  optics  is  used  in  a 61-channel  cable.  Optical  connectors 
arc  utilized  at  two  levels.  Commercially  available  electro-optical  components  are  employed  in  the  line 
driver  and  line  receiver  designs  to  achieve  wide  dynamic  signal  range  with  low  distortion  at  low  cost. 

The  transmission  line,  designated  FOSL-1  (Fiber  Optic  Sonar  Link-No.  1)  was  designed  as  an  initial 
step  toward  a military-qualified  subsystem.  The  utilizatioi,  of  established  technologies,  the  modular  con- 
struction and  ease  of  maintenance  allow  for  extended  "hands  off"  operation  by  sonar  technicians  who  are 
not  specially  trained  for  fiber  optics. 

1.  INTRODUCTION 

During  the  past  year,  the  New  London  Laboratory  of  the  Naval  Ihiderwater  Systems  Center  installe 
fiber  optic  sonar  link  onboard  a naval  vessel  for  subsequent  testine  at  sea.  The  link  was  Installed,  qs 
shown  in  figure  1,  within  the  hull  connecting  a preamplifier  cabinet  with  a beamformer  cabinet.  Two  imme- 
diate objectives  of  this  52-channel  installation  w,.r<’  to  demonstrate; 

(a)  the  specified,  stringent  performance  capability, 

(b)  the  survivability  of  the  link  outside  the  laboratory. 

FOSL-1  was  less  a technological  challenge  than  an  engineering  challenge, since  an  implicit  objective 
was  to  use  the  minimum  number  of  minimum  cost  components  in  constructing  a fiber  optic  link  with  an 
extremely  wide,  linear  dynamic  signal  range,  FOSL-1  thus  provides  a vehicle  for  assessing  the  relevance  of 
current  fiber  optics  in  an  analog  sonar  system  context. 

2.  LINK  DESCRIPTION 

FOSL- I is  comprised  of  52  parallel  channels,  each  consisting  of  a line  driver,  fiber  optic  bundle, 
and  line  receiver  as  shown  in  figure  2,  The  input  to  each  fiber  optic  channel  is  a preaaplified  hydrophone 
signal.  The  amplitude  of  the  input  analog  signal  determines  the  Instantaneous  output  frequency  of  the 
voltage  controlled  oscillator  (VCOj . The  VCO  generates  a frequency-modulated  (FM)  square  wave  which,  in 
turn,  modifies  the  output  of  a red  light-emitting  diode  (LED).  The  LED  radiates  into  its  assigned  fiber 
optic  channel.  At  the  line  receiver,  11  m away,  a given  fiber  optic  bundle  is  read  out  by  a hybrid 
detector/operational  amplifier  that  retrieves  the  FM  signal  for  subsequent  demodulation  by  a phase  locked 
loop  'PLL).  The  output  of  the  PI.L  is  conditioned  by  a two-pole  active  filter  to  provide  a faithful 
reproduction  of  the  original  analog  input. 

This  link  operates  with  an  FM  bandwidth  of  40  kHz  for  handling  an  8.5  kHz  analog  signal  bandwidth 
while  achieving  a dynamic  signal  range  in  excess  of  100  dB.  The  line  driver  optical  signal  is  derived 
from  a wideband  FM  electrical  signal;  the  detector  bandwidth  and  PLL  lock  range  are  compatible  with  a 
narrowband  FM  signal.  This  format  provides  a maximum  signal-to-noise  ratio  while  maintaining  low  distortion 
over  the  range  of  most-likely  occurring  signal  levels.  Total  harmonic  distortion  is  l.Ot  maximum  and 
decreases  as  a function  of  input  signal  level. 

Cost  was  an  important  consideration  in  the  design  of  FOSL-1.  The  current  cost  per  channel  for 
electro-optical  components  is  $91.00.  This  figure  includes  electronic  components,  card  guides,  power 
supplies,  enclosures,  etc.  Last  year's  cost  for  the  custom  connectorlzed  fiber  optic  cable  asscad>ly  was 
$164.00  on  a per  channel  basis.  Today's  cost  for  the  cable  materials  and  connectors  would  be  about  $40.00 
per  channel. 

I 2.1.  Plastic  Multichannel  Cable. 

Having  previously  demonstrated  a multichannel  capability  in  the  laboratory  (ALLARD,  F.  C.,  1976) 
a primary  concern  was  survival  of  the  fiber  optic  cable  — particularly  with  respect  to  strain  relief  at 
connectors  — onboard  a ship.  Plastic  fiber  optics  was  chosen  for  its  clearly  superior  mechanical 
reliability. 

* 

i 
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The  plastic  bundle  of  choice  duPont  PFX  OTIS  (now  designated  PFX  P740),  contains  7 polyver-clad 
■ethylaethacrylate  fibers  within  a polyethylene  jacket.  The  active  diaaeter  of  each  fiber  is  400  via 
with  a nuaerical  aperture  of  0.S3.  The  co^>osite  7-flber  diaawter  is  1.12  M,  resulting  in  a packing 
fraction  of  0.78.  Attenuation  is  470  dB/ka  at  656  na. 

Sixty-one  of  the  PFX  bundles  are  jacketed  within  an  asbestos  tape-wrap  sheathed  with  fluorocarbon 
tubing  to  provide  a aeasure  of  flaae  and  heat  resistance.  The  tape  that  was  chosen  was  aade  froa  selected 
asbestos  fiber  in  a process  designed  to  aeet  requireaents  of  the  Occupational  Safety  and  Health  Act  (OSHA). 

The  61-channel  cable,  with  an  overall  diaaeter  of  23  aa,  was  bifurcated  at  each  end  and  terminated 

with  pairs  of  aodifled  electrical  connectors  as  shown  in  figure  3.  While  the  at-sea  test  only  required 

an  11  a cable,  lengths  up  to  65  a are  possible  using  the  PFX  0715  fibers.  The  connectors  each  have  a 

31-channel  capacity  and  are  shown  in  figure  4,  where  the  mating  panel-mount  receptacle  is  shown  to  the 

left.  These  Deutsch  connectors  are  of  the  miniature  bayonet  style,  utilizing  standard  inserts.  Clearance 
holes  in  the  No.  16  contacts  represent  the  only  accommodation  to  fiber  optics.  The  contacts  utilize  a 
retention  clip.  Once  the  optical  fiber(s)  are  epoxied  in  the  contacts  and  the  ends  polished,  the  termi- 
nated bundles  are  attached  to  the  connector  shell  in  exactly  the  same  Banner  — and  with  the  same  plastic 
tool  — as  an  electrical  cable.  Although  the  direct  substitution  of  fiber  optics  for  wire  aay  not  yield 
an  optimum  connection,  it  does  yield  a serviceable  connection  that  proved  to  be  reliable  and  relatively 
trouble-free. 

The  cable  mount  connector  contains  seven  PFX  0715  fibers  in  each  pin,  whereas  the  panel-aount 
receptacle  contains  a single  1 mm  diameter  Crofon  fiber.  The  jacketed  Crofon  fibers  fora  flying  leads 
within  the  transmitter  and  receiver  enclosures  at  each  end  of  the  cable. 

The  intent  of  Bating  a single  1 mm  strand  to  a 7-strand  bundle  having  a combined  diaaeter  of  1.1  ma 
was  to  alniaize  the  coupling  losses  inherent  in  a bundle-to-bundle  connection.  An  empirical  analysis 
verified  that  a Crofon-to-PFX-to-Crofon  configuration  reduced  transaission  loss  by  2.5  dB  compared  to 
a PFX-to-PFX-to-PFX  cable  configuration.  The  total  attenuation  of  the  cable  assembly  — from  LED  to  detector  — 
is  15  dB.  This  figure  includes  connector  losses  but  does  not  include  insertion  loss  at  the  LED. 

2.2.  Line  Driver. 


The  fiber  optic  sonar  link  was  engineered  as  a retrofit  to  the  host  sonar  system.  In  this  context, 
signals  are  extracted  froa  the  sonar  preamplifier  and  conducted  via  shielded,  twisted-pair  wires  to  a fiber 
optic  line  driver  cabinet  shown  in  figure  5.  Fifty-two  circuit  boards  — one  for  each  sonar  channel  — 
are  contained  within  a cabinet  measuring  61  cm  x 33  cm  x 13  cm  (with  no  atteiq>t  at  miniaturization).  Note 
that  the  optical  connectors  to  the  left  in  figure  5 contain  one-third  as  many  conductors  as  the  electrical 
cor..iectors  to  the  right,  for  the  saae  channel  capacity. 

The  line  driver  circuit  shown  in  figure  6 is  deceptively  simple.  Of  the  13  components  shown, 

9 serve  the  driver  function  directly,  whereas  the  remaining  components  provide  for  power  supply  decoupling. 
Functionally  the  incoming  signal  deteraines  the  frequency  generated  by  an  Intersil  8038  voltage  controlled 
oscillator  (VCO)  chosen  for  its  low  distortion  and  ainiaal  associated  external  circuitry.  The  square  wave 
output  stage  of  the  VCO  has  insufficient  current  sinking  capacity  to  drive  the  LED  directly,  however,  thus 
requiring  a transistor  drive  stage.  The  LED  current,  limited  to  25  mA  peak,  follows  the  FM  waveform 
generated  by  the  VCO. 

The  VCO  is  the  first  active  element  in  FOSL-1.  Its  free-running  (i.e.,  zero  voltage  input)  fre- 
quency should  be  consistent  from  channel  to  channel,  since  this  determines  the  operating  point  for  the 
phase  locked  loop  in  the  line  receiver.  Tests  of  60  VCO's  using  the  same  external  frequency-determining 
components  yielded  a 6 kHz  spread  about  a mean  free-running  frequency  of  48  kHz.  This  amount  of  vari- 
ability necessitated  a hand  selection  process  to  match  a VCO  to  a given  circuit  board.  In  this  manner  the 
frequency  spread  was  reduced  to  2 kHz. 

The  FM  "beta"  is  13  at  a test  frequency  of  1 kHz,  meaning  that  the  VCO  output  frequency  ranges 
from  35  to  61  kHz  for  a aaximum  amplitude  1 kHz  signal. 


A simple  transistor  inverter  couples  the  VCO  square  wave  output  to  the  red  LED,  a Fairchild  FLV104. 
The  domed  epoxy  encapsulation  was  ground  down  and  faceted  to  allow  close  coupling  of  the  Crofon  lead.  Out- 
put power  of  the  LED's  varied  almost  300%  in  a saiqple  of  75  faceted  LED's  and  was  attributed  to  variable 
conversion  efficiency  in  the  LED  chip  itself. 

Variation  in  chip  centering  relative  to  encapsulation  was  compensated  by  centering  the  chip  within 
the  AMP  plastic  connector  bushing.  The  LED  was  held  in  place  with  an  electrically  insulating,  heat- 
conductive  staking  compound.  The  AMP  bushing  Itself  was  epoxied  to  the  circuit  board  and  provided  the 
receptacle  for  the  plastic  AMP  ferrules  with  which  the  Crofon  leads  were  terminated. 

2.3.  Line  Receiver. 

The  line  receiver  accepts  optical  signals  from  the  fiber  optic  cable  and  restores  the  original 
analog  electrical  waveforms,  which  are  then  conducted  via  shielded,  twisted-pair  wires  to  the  sonar 
beaaforming  cabinets.  The  line  receiver  cabinet  is  directly  comparable  to  the  line  driver  cabinet  shown 
in  figure  5,  containing  individual  circuit  boards  for  each  of  the  52  sonar  channels. 


An  individual  line  receiver  board  is  shown  in  figure  7.  More  elaborate  than  the  line  driver,  it 
provides  additional  possibilities  for  gain  and  phase  variations  from  channel  to  channel.  Concern  for 
uniformity  begins  at  the  detector,  a Devar  529-2-5  hybrid  detector/translmpedance  amplifier.  This  hybrid 
is  packaged  in  a TO-5  can  which  is  located  within  an  AMP  plastic  bushing.  The  bushing  is  epoxied  to  the 
circuit  board  and  mates  with  a Crofon  lead  (also  shown  in  figure  7). 
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A detector  area  of  5 na^  was  chosen  to  ensure  aaxiBua  collection  efficiency  by  reducing  alignaent 
probleas.  As  with  the  LED,  close  coupling  of  the  detector  and  the  Crofon  lead  is  sufficient.  No  lenses 
or  index  matching  fluids  are  used  anywhere  in  FOSL-1. 

The  decision  to  operate  the  detector  photoconductively , based  on  the  perfonaance  of  several  hybrid 
units  led  to  an  unexpected  engineering  challenge,  Devar,  as  it  turns  out,  does  not  control  the  frequency 
response  characteristics  of  this  device  in  the  photoconductive  mode.  Additional  frequency  rolloff  coapo- 
nents  to  correct  this  situation  would  have  unnecessarily  restricted  the  device  bandwidth  (HAMSTRA,  R.  N., 
and  WENDIAND,  P.,  1972).  Subsequent  procureaents  from  Devcr  yielded  devices  whose  frequency  response 
characteristics  varied  significantly  froa  those  of  the  test  saaple.  The  problem  was  further  aggravated  by 
the  decision  to  provide  only  ♦!$  V power  in  FOSL-1  for  economic  reasons. 

The  output  of  the  Devar  unit  is  coupled  to  an  NE  S65A  phase  locked  loop.  The  phase  transfer  charac- 
teristics of  the  detector/amplifier  — PLL  combination  are  sufficiently  variable  as  to  require  compensa- 
tion, particularly  at  the  higher  input  signal  frequencies. 

The  FM  conversion  efficiency  is  also  variable  froa  one  PLL  to  the  next,  mainly  because  the  PLL  gain 
is  established  by  internal  components  that  are  loosely  specified  (20%).  A filter-buffer  stage  serves  to 
control  gain  and  eliminate  carrier  hanaonic  feedthrough.  This  stage,  with  a nominal  gain  of  2,  has  the 
transfer  characteristic  of  a 2-pole  Butterworth  filter. 

Since  one  of  the  performance  objectives  of  FOSL-1  was  uniformity  of  transfer  characteristics  from 
channel  to  channel,  a Monte  Carlo  analysis  was  used  to  determine  a method  for  selecting  filter  components. 
The  characteristics  of  the  overall  link  were  too  complicated  to  allow  for  accurate  modelling,  however. 

The  cumulative  effects  of  all  the  preceding  active  elements  resulted  in  an  alignment  procedure,  using  two 
interacting  adjustments  to  control  gain  and  phase. 

2.4.  Link  Performance. 

FOSL-1,  as  installed,  demonstrated 

(a)  100  dB  signal  dynamic  range  (min.) 

(b)  8.5  kHz  signal  bandwidth  (min.) 

(c)  0 dB  gain  (^0.1  dB) 

(d)  80  dB  crosstalk  rejection  (min.) 

(e)  1.0%  worst  case  total  harmonic  distortion 

The  construction  of  FOSL-1  did  not  meet  military  qualifications  but  did  conform  to  good  commercial 
practice,  A system  check  following  2500  hours  of  operation  verified  that  all  channels  were  operative, 
with  no  signs  of  deterioration. 

3.  CONCLUSION 

FOSL-1,  based  on  materials  coaaercially  available  in  1976,  has  provided  an  engineering  exercise 
leading  to  several  projections; 

1.  fiber  optic  links  can  achieve  the  requisite  sonar  performance  at  affordable  cost, 

2.  fiber  optic  links  can  survive  the  shipboard  environment  on  the  same  basis  as  conven- 
tional electronics,  and 

3.  the  implementation  of  military-qualified  fiber  optic  links  will  require  straightforward 
development  of  manufacturing  methods  with  respect  to  fiber  optic  and  electro-optic  elements. 
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Fig.  1.  FOSL-1  installation 


Fig.  2. 


Block  diagran  of  single  fiber  optic  channel 


Fig.  4.  Fiber  optic  connector  pair 
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SUMMARY 

This  paper  describes  a two-kilometer  optical  fiber  digital  transmission  system 
for  bit  rates  up  to  20  Mb/s.  The  system  includes  a light  emitting  diode  (LED)  opti- 
cal source,  an  avalanche  photodiode  (APD)  receiver,  and  multi-fiber  graded  index 
cable.  The  data  channel  elements  are  connected  via  several  field  installable  opti- 
cal connectors.  The  design  and  performance  of  such  components  as  transmitter  modules, 
receiver  modules,  optical  cable,  and  field  installable  optical  connectors  are  dis- 
cussed. 

1.  INTRODUCTION 

The  potential  of  fiber  optics  in  long  distance  transmission  of  digital  data  is 
apparent.  However,  widespread  introduction  of  such  systems  hinges  on  the  availability 
of  adequate  system  components  capable  of  being  installed  and  performing  in  the  field. 
The  purpose  of  the  effort  discussed  here  was  to  design  and  build  such  a system. 

The  fiber  optic  data  transmission  system  described  here  operates  over  2 km  with 
an  NRZ  data  rate  from  100  Kb/s  to  20  Mb/s.  At  least  six  channels  are  available  per 
cable.  The  overall  data  channel  performance  is: 


Distance 

2 km 

Data  Rate 

100  Kb/s  to  20  Mb/s 

Bit  Error  Rate 

<10-8 

Mean  Time  Between  Failure 

0-30°C 

7000  hours 

70OC 

3000  hours 

Input/Output  Electrical  Signal 

Standard  TTL 

Data  Format 

NRZ 

Output  Electrical  Signal  - Digital 

Rise/Fall  Time® 

<15  nsec 

Pulse  Spread” 

<20  nsec 

Output  Electrical  Signal-Analog 

SNR*^ 

>30:1 

Peak-to-Peak  Voltage** 

3 ± IV 

Rise/Fall  Time® 

<25  nsec 

Pulse  Spread** 

<15  nsec 

Overshoot 

<10k 

Droop* 

<10» 

Optical  Crosstalk  (1  km) 

<50  dB 
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a.  101  to  901  peak-to-peak  amplitude. 

b.  Change  from  input  pulse  width  to  output  pulse  width  measured  at  SOI  points. 

c.  Ratio  of  peak-to-peak  10  MHz  square  wave  signal  amplitude  out  of  10  MHz  filter 
to  RMS  noise  out  of  filter  with  source  constantly  on. 

d.  Measured  across  10  K n load. 

e.  Measured  for  100  consecutive  logic  ones  at  100  kb/s,  NRZ. 

The  components  of  the  system  are: 

o transmitter  module 
o receiver  module 
o multi-fiber  cable 
o buffered  fiber 
o one-way  optical  connector 


Figure  1 is  a diagram  of  the  data  channel  configuration.  The  TTL  input  to  the 
transmitter  module  is  used  to  modulate  a light  emitting  diode  (LED)  operating  at  0.82 
pm.  Six-foot  buffered  fibers  are  used  to  couple  light  from  the  transmitter  modules 
to  individual  fibers  of  the  multi-fiber  cable.  The  buffered  fibers  have  optical  con- 
nector plugs  on  each  end  for  mating  with  the  module  jacks  and  multi-fiber  cable. 


The  multi-fiber  cable  contains  up  to  eight  fibers  as  the  core  of  an  external 
strength  member  cable.  The  cable  is  ruggedized  for  installation  in  underground  duct 
systems.  After  installation,  at  least  6 of  the  8 fibers  are  guaranteed  to  be  func- 
tional. The  2 km  distance  is  traversed  using  two  1 km  cable  sections.  The  two  cable 
sections  are  joined  by  five  optical  connectors. 


At  the  receiving  end  of  the  system,  the  cable  fibers  are  terminated  with  the 
optical  connector  jacks.  Similar  to  the  transmitting  end,  six-foot  buffered  fibers 
are  used  to  couple  light  to  the  receiver  modules.  An  avalanche  photodiode  detector 
(APD)  is  used  to  maximize  sensitivity  in  the  receiver.  The  receiver  module  supplies 
the  required  digital  and  analog  outputs. 


2.  LINK  DESIGN 


To  ensure  that  acceptable  system  operation  results  when  the  various  system  com- 
ponents are  configured  as  a data  channel,  a link  budget  for  both  loss  and  dispersion 
is  presented.  These  budgets  represent  worst  case  levels  for  each  of  the  components 
and  can  thus  be  used  as  accept/reject  criteria.  On  average  then,  the  system  perfor- 
mance is  considerably  better  than  that  predicted  by  the  loss  and  dispersion  budgets. 

2 . 1 Loss  Budget 

The  purpose  of  the  loss  budget  is  to  identify  the  required  optical  power  perfor- 
mance of  each  link  component.  The  loss  budget  contributors  are  the  transmitter  out- 
put power,  connector  losses,  cable  losses,  and  receiver  sensitivity.  The  difference 
between  the  transmitter  output  and  the  receiver  sensitivity  is  the  power  margin.  The 
link  loss  is  the  sum  of  all  connector  and  cable  losses.  The  difference  between  the 
power  margin  and  the  link  loss  equals  the  excess  power  margin  which  provides  a measure 
of  the  allowable  time  and  temperature  degradation. 

The  average  power  out  of  the  transmitter  module  is  -17.5  dBm  (17.9  ywatts)  based 
on  experimental  results  with  ITT  801-E  and  Bell  Northern  Research  40-2-10-3  LEDs.  In 
order  to  achieve  the  30:1  peak  signal  to  rms  noise  ratio,  the  average  power  into  the 
receiver  detector  (RCA  C30817)  has  to  be  -48.2  dBm  (15  nwatts).  Thus,  the  power  mar- 
gin is  30.7  dB. 

Connector  loss  occurs  at  six  interfa,ces.  Four  of  the  six  interfaces  involve 
graded  index  fiber-to-graded  index  fiber  coupling  while  one  interface  involves  a 
graded  index  fiber  and  step  index  fiber.  In  all  of  these  cases,  a worst  case  loss 
of  2 dB  is  assumed.  At  the  detector  surface,  a 1 dB  coupling  loss  is  assumed.  Hence, 
the  total  connector  loss  is  11  dB.  The  loss  of  the  two  graded  index  cables  when  con- 
nected is  6.5  dB/km  maximum.  Over  the  2 km  link,  a loss  of  13  is  expected.  The  total 
link  loss  is  then  24  dB. 


Subtracting  the  link  loss  of  24  dB  from  the  power  margin  of  30.7  dB  gives  an  ex- 
cess power  margin  of  6.7  dB  which  allows  for  time  and  temperature  degradation.  Tempera- 
ture tests  over  the  range  of  -20°C  to  +50°CC  show  that  an  equivalent  optical  degradation 
of  3 dB  occurs.  An  additional  degradation  in  the  LED  output  power  of  3.7  dB  is  there- 
fore possible  before  the  link  performance  begins  to  fall  below  any  of  the  specifica- 
tions. 

2 . 2 Rise/Fall  Time  Budget 

The  rise/fall  time  budget  is  derived  in  much  the  same  manner  as  the  loss  budget. 
Here  again,  worst  case  design  levels  are  specified.  The  rise/fall  time  budget  contri- 
butors are  the  transmitter  rise/fall  time,  the  fiber  dispersion,  and  the  receiver 
rise/fall  time.  The  rise/fall  time  is  defined  as  being  measured  between  the  101  and 
90k  points  of  a pulse  edge.  The  overall  link  rise/fall  time  (receiver  analog  output) 
is  to  be  less  than  25  nsec.  The  expected  overall  rise  time  is  computed  as  1.1  times 
the  square  root  of  the  sum  of  the  squares  of  the  budget  contributors. 
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The  transmitter  rise/fall  time  equals  12  nsec  based  on  experimental  results  with 
the  ITT  and  BNR  LEDs.  A speed-'ip  network  is  used  for  both  LEDs  and  is  discussed  in 
more  detail  in  Section  3. 

The  fiber  contribution  consists  of  both  material  and  multimode  dispersion.  Dis- 
persions are  measured  between  the  SOt  points  of  dispersed  pulses  coming  out  of  the 
fiber  under  measurement.  The  material  dispersion  amounts  to  4 nsec/km  while  the  multi- 
mode  dispersion  is  6 nsec/km.  No  sub-root  length  dependence  is  assumed  for  the  multi- 
mode  dispersion.  Root  sum  squaring  the  fiber  dispersion  over  the  2 km  gives  a fiber 
dispersion  of  14  nsec.  The  effect  on  rise/fall  time  is  found  by  multiplying  by  0.7. 

Hence,  the  fiber  rise/fall  time  contribution  is  10  nsec. 

The  receiver  bandwidth  equals  to  20  MHz  which  corresponds  to  a rise/fall  time  of 
17  nsec.  This  bandwidth  is  consistent  with  the  30:1  SNR  sensitivity  of  -48.2  dBm. 

Combining  the  transmitter,  fiber,  and  receiver  rise/fall  time  effects  as  described 
above  gives  the  required  analog  rise/fall  time  of  25  nsec. 

3.  TERMINAL  ELECTRONICS 

The  terminal  electronics  functions  as  the  electrical - to-opt ical  and  optical-to- 
electrical  interfaces.  The  transmitter  module  contains  a TTL  digital  input  and  an 
optical  connector  output.  The  receiver  module  contains  an  optical  connector  input 
and  TTL  digital  and  3 volt  peak-to-peak  analog  outputs.  The  outside  physical  dimen- 
sions of  each  are  identical,  51  mm  x 63  mm  x 127  mm. 

3 . 1 Transmitter  Des ign 

The  transmitter  module  is  pictured  in  Figure  2 as  viewed  from  the  optical  connec- 
tor end.  Two  mounting  holes  are  shown  for  securing  the  module  into  a panel  assembly. 

The  electrical  interfaces  consist  of  the  TTL  digital  input,  the  +5  Vdc  supply,  and 
ground  lug. 

The  digital  input  consists  of  four  line  drivers.  Each  line  driver  is  capable 
of  delivering  up  to  80  mA  of  drive  current.  Current  limiting  resistors  are  used 
to  reduce  the  current  drive  per  line  driver  to  60  mA.  An  RC  circuit  is  employed  in 
parallel  with  the  current  limiting  resistor  to  decrease  the  LED  output  rise/fall 
rime.  To  simplify  getting  the  required  optical  output  power,  a four  pole  switch 
is  used  to  apply  from  one  to  four  of  the  drivers.  In  almost  all  cases,  two  driving 
can  be  used  to  get  a peak  current  of  120  mA.  The  LED  output  is  coupled  into  a short 
graded  index  fiber  "pigtail"  which  feed  the  optical  connector  jack. 

The  transmitter  module  specifications  are: 

Power  Supply  Voltage 

Power  Supply  Current  Drain 

Data  Input 

Optical  Output  Rise/Fall  Time 

Peak  Optical  Output  Power 

Data  Rate 

3 . 2 Receiver  Design 

Figure  3 is  a photograph  of  the  receiver  module  as  viewed  from  the  electrical 
interface  side.  The  optical  interface  is  physically  identical  to  that  of  the  trans- 
mitter module.  The  receiver  module  is  powered  from  ± 15  and  +5  Vdc  supplies  and  has 
two  outputs,  one  TTL  digital  and  one  3 Vp-p  analog.  A block  diagram  is  shown  In  Fig.  4. 

The  received  optical  power  is  coupled  to  the  detector  face  through  a short,  large 
core,  step  index  "pigtail"  fiber.  Coupling  efficiency  between  the  "pigtail"  fiber  and 
the  detector  is  approximately  80\  (1  dB  loss).  The  detector  is  an  RCA  C30817  silicon 
APD.  The  device  exhibits  high  quantum  efficiency,  70-75t,  at  the  system  operating  wave- 
length of  0.82  urn  and  a rise/fall  time  of  2 nsec.  The  detected  photocurrent  is  first 
amplified  via  a bipolar  cascode  transimpedance  amplifier.  Additional  amplification  is 
achieved  via  two  SN  52733  amplifiers. 

The  signal  is  amplified  to  a peak  level  of  about  1.5  volts,  and  fed  to  a clamping 
circuit  prior  to  presentation  to  tne  comparator  to  eliminate  baseline  Wander  during  recep- 
tion of  a long  string  of  "l"s  or  "0"s.  The  output  of  the  comparator  is  a 5 volt  peak- 
to-peak  signal  which  is  fed  to  a 50  ohm  line  driver.  The  analog  output  signal  is 
obtained  by  increasing  the  output  voltage  of  the  last  amplifier  with  a two-stage 
transistor  amplifier. 

Automatic  gain  control  (ACC)  is  obtained  by  peak  detecting  the  output  of  the 
last  amplifier  and  supplying  control  lines  to  the  amplifiers  and  to  the  APD  power 
supply.  The  APD  control  is  derived  from  a voltage  on  the  command  line  to  the  APD 
power  supply.  An  optical  ACC  range  of  about  25  dB  is  available. 


+5  ±0.25  Vdc 
OOO  mA 

TTL  compatible 
^12  nsec 
^35  uwatts 
dc  to  20  Mb/s  (NRZ) 
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The  receiver  module  specifications 
Digital  Data  Output 
Total  Power  Supply  Current  Drain 
Peak-to-Peak  Analog  Output 
Analog  Rise/Fall  Time 
Digital  Rise/Fall  Time 
Analog  Optical  Sensitivity® 

Digital  Optical  Sensitivity^ 

Power  Supply  Variation  Tolerance 

a.  Average  optical  power  at  detector 

b.  Average  Optical  power  at  detector 


are ; 

TTL  Compatible 
OOO  mA 

3 t 1 Vpp 

^17  nsec 
^20  nsec 
-48.2  dBm 
-58  dBm 
±5t 

for  30:1  SNR 
for  10-8  BF.R 


4.  FIBER/CABLE  DESIGN 

Interconnection  of  the  terminal  electronics  is  achieved  by  using  two  fiber 
structures.  One  is  a multi-fiber  cable  which  traverses  the  2 km  distance.  The 
other  is  a six  foot  buffered  fiber  which  is  coiled  into  a one  inch  diameter  and  is 
used  to  patch  any  transmitter  or  receiver  to  any  fiber  in  the  cable.  Both  fiber  struc 
tures  are  capable  of  being  terminated  into  either  plug  or  jack  optical  connectors. 

4 . 1 Multi -Fiber  Cable 

The  multi-fiber  cable  consists  of  eight  graded  index  fibers  in  lengths  up  to 
1 km.  As  shown  in  Figure  S,  the  cable  is  formed  around  a 2 mm  optical  fiber  bundle. 
This  bundle  is  composed' of  eight  fibers  helically  laid  around  1 mm  filler  in  the  cen- 
ter with  polyurethane  extruded  over  it.  To  provide  the  necessary  tensile  strength, 
Kevlar®  49  strength  member  yarns  are  helically  laid  around  the  polyurethane  cover  of 
the  fiber  bundle.  Finally,  the  Kevlar®  is  covered  with  Teflon®  tape  with  an  outer 
jacket  of  polyurethane  extruded  over  the  tape  to  form  an  outer  cable  diameter  of  6.4 
mm.  The  outer  jacket  and  the  strength  members  protect  the  fiber  bundle  from  damage 
due  to  crushing  as  well  as  providing  the  necessary  tensile  strength.  Also,  the  outer 
polyurethane  jacket  provides  protection  against  water  and  abrasion. 

The  graded  index  fibers  are  fabricated  using  a chemical  vapor  deposition  (CVD) 
process.  The  finished  fiber  is  composed  of  three  basic  layers  as  shown  in  Figure  6. 
The  core  is  50  pm  in  diameter  and  consists  of  doped  silica  with  a refractive  index 
profile  which  approximates  a parabolic  distribution  from  the  center  of  the  core  to 
the  edge  of  the  cladding.  The  cladding  around  the  core  is  a layer  of  borosilicate 
which  gives  a fiber  diameter  of  125  pm.  To  protect  the  glass  fiber  from  abrasion, 
an  outer  jacket  of  Hytrel®  is  extruded  over  the  glass.  In  addition  to  protecting 
the  glass  fiber,  the  Hytrel®  jacket  helps  reduce  microbending  losses  in  the  cable. 

The  coated  fiber  has  a diameter  of  about  0.5  mm. 

The  cable  specifications  are; 

Cable  Diameter 

Glass  liber  Diameter 

Number  of  Fibers 

Tensile  Strength  (2  meter  gage  length) 

Attenuation  (0.82  pm) 

Multi-mode  Dispersion 

Crosstalk 

Minimum  Bending  Radius 

Operating  Temperature  Range 

4 . 2 Buffered  Fibers 

At  the  two  terminals  the  multi-fiber  cables  are  terminated  into  junction  boxes. 
The  cable  strength  members  are  "tied  off"  and  the  individual  fibers  wrapped  around 
a set  of  spools  for  storage.  Approximately  ten  feet  of  fiber  is  stored  on  the  spools 
to  allow  for  several  re-terminations  of  each  fiber.  Each  fiber  is  terminated  into 
a panel  mounted  connector  jack.  Six-foot  buffered  fibers  with  connector  plugs  on 
both  ends  are  used  to  connect  the  transmission  cable  fibers  with  the  transmitter  and 
receiver  modules. 


6.4  mm 
125  pm 
8 

150  kg 
<7  dB/km 
^6  nsec /km 
<50  dB 
5 cm 

-20OC  to  ♦BOOC 
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The  buffered  fibers  consist  of  graded  index  fibers  identical  to  those  contained 
in  the  cables  except  that  the  Hytrel®  jacket  diameter  is  increased  to  about  0.9  mm. 

No  strength  member  material  is  used  in  the  buffered  fibers.  In  order  to  facilitate 
handling,  the  buffered  fibers  are  coiled  to  one  inch  in  diameter,  up  to  the  connectors 
on  each  end. 

5.  CONNECTOR  DESIGN 

Inter-connection  of  the  terminal  electronics,  buffered  fibers  and  multi-fiber 
cables  is  done  with  single  way,  single  fiber  optical  connectors  manufactured  by 
ITT  Leeds  (U.  K.).  A total  of  five  connectors  per  data  channel  are  used. 

5. 1 Physical  Descript  ion 

Figure  7 is  a photograph  of  a complete  connector.  The  end-to-end  length  is  37  mm. 
The  diameter  of  the  main  body  is  about  7.1  mm.  Other  physical  dimensions  are  shown  in 
Figure  8 with  the  plug  and  jack  halves  identified.  The  bulk  of  the  connector  is  identi- 
fied with  the  jack  portion.  Holes  in  the  flange  allow  the  jack  to  be  bulkhead  mount- 
able.  The  plug  portion  is  therefore  the  demountable  half.  No  provision  for  terminating 
a strength  member  is  present;  hence,  the  connector  only  couples  coated  fibers. 


5 . 2 Alignment  Mechanism 

The  alignment  mechanism  used  in  the  connector  consists  of  a jewel  bearing  located 
within  a precision  machined  stainless  steel  ferrule  as  shown  in  Figure  9.  In  the 
center  of  the  jewel  bearing  is  a precision  hole  into  which  the  optical  fiber  is  in- 
serted. Jewels  are  available  with  hole  sizes  ranging  from  50  pm  to  200  pm  in  10  pm 
steps  so  that  a wide  range  of  fiber  sizes  may  be  accommodated  with  the  same  basic 
connector  design.  The  jewel  bearing  is  installed  in  one  end  of  the  stainless  steel 
ferrule  at  the  factory. 

The  ferrules  containing  the  two  fibers  to  be  connected  are  placed  in  a precision 
machined  sleeve  which  aligns  the  two  fiber  cores.  Both  of  the  stainless  steel  ferrules 
are  spring  loaded  to  insure  that  the  ferrules  are  abutted.  The  alignment  sleeve  and 
ferrules  are  then  inserted  into  bulkhead  mounting  flanges.  The  connector  assembly  is 
completed  by  screwing  a threaded  capon  each  end  of  the  connector. 

Assembly  of  the  connector  is  simple  enough  to  be  performed  either  in  the  field 
of  at  the  factory  by  trained  technicians.  First,  5 cm  of  the  fiber's  protective  plas- 
tic coating  is  removed  to  expose  the  bare  glass.  A couple  of  millimeters  from  the 
plastic  coating  the  fiber  is  scratched  using  a diamond  scribe.  The  fiber  is  then 
broken  at  the  scratch  to  create  a good  optical  end  on  the  fiber.  The  fiber  end  is 
then  positioned  to  within  a few  microns  of,  but  recessed  from,  the  end  of  a proper 
sized  jewel/ferrule  with  the  aid  of  a microscope.  The  ferrule  is  then  sealed  with 
epoxy.  Once  the  fibers  are  installed  on  the  ferrules,  the  remainder  of  the  assembly 
process  is  done  by  hand. 

For  graded  index  fibers  (SO  pm  core  diameter)  the  average  connector  loss  is 
about  2 dB  with  a minimum  of  1 dB  and  a maximum  of  3 dB.  These  results  were  verified 
in  an  interchangeability  experiment  involving  25  different  ferrule  combinations.  De- 
gradation over  50  full  mating  cycles  showed  a negligible  increase  in  average  loss. 

With  step  index  fibers  or  larger  core  graded  index  fibers,  the  loss  is  expected  to 
reduce  to  about  1.5  dB. 

6.  CONCLUSIONS 

To  verify  that  the  individual  component  loss  and  rise/fall  time  budgets  were  met, 
several  data  channels  were  configured  and  the  signal  output  quality  evaluated.  In  all 
tests,  the  performance  was  better  than  the  required  specification.  The  SNR  of  the 
analog  output  varied  from  40:1  to  90:1  while  the  rise  time  ranged  from  15  nsec  to  22 
nsec.  Analog  pulse  droop  and  over  Sboot  were  about  5-7t.  The  bit  error  rate  of  the 
digital  output  was  in  excess  of  10"^“  at  20  mB/s  (NRZ).  The  digital  output  rise/fall 
time  was  about  6 nsec. 

This  effort  has  clearly  demonstrated  that  wideband  communication  over  several 
kilometers  using  fiber  optic  components  capable  of  field  operation  can  be  achieved. 
Moreover,  sufficient  margin  is  available  to  ensure  satisfactory  operation  over  ex- 
tended time  and  temperature  ranges.  Another  feature  evident  in  this  effort  is  full 
component  interchangeability,  whereby  field  repair  by  trained  technicians  is  facili- 
tated. As  fiber  optics  becomes  a more  widely  used  communications  tool,  features  such 
as  producibility , stability,  maintainability,  and  reliability  will  become  important 
evaluation  criteria  to  potential  users  and  much  of  the  groundwork  in  these  areas  has 
now  been  laid. 


TRANSMITTfl 

MOOUll 


RECEIVER 

MODULE 


14-7 


Fig.3  Photograph  of  the  receiver  module 


Fig. 4 Receiver  module  block  diagram 


GRADED  INDEX  MULTIMODE  FIBER 


Fis.6  Graded  index  fiber  cross  section 
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Photograph  of  the  single  channel  connector 
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SUMMARY 

This  study  derives  a cost  model  for  an  optical  fibre  communications  system  and  presents  the 
normalized  cost  of  such  systems  for  several  modulation  schemes.  Reasonable  assumptions  are  used  in 
developing  the  model  and  its  application  is  confined  to  transmitters  that  have  LED  sour- es  and  use 
parabol ic- index  fibre  cables.  For  the  purposes  of  calculation,  a signal-to-noise  ra*  to  requirement 
of  70  dB  is  assumed  for  analogue  systems,  an  error  rate  requirement  of  10"^  is  assuri«‘d  for  digital 
systems,  and  modulation  rates  are  assumed  not  to  exceed  100  Mbit/s,  The  costs  per  channel  per 
kilometer  for  a typical  short-haul  system  and  for  a typical  long-haul  system  are  derived  to  illustrate 
the  use  of  the  model. 

1.  INTRODUCTION 


Optical-fibre  communications  systems  offer  many  advantages  in  civil  and  military 
applications  and  most  of  these  advantages  are  attributable  to  the  optical-fibre  waveguide  itself.  In 
addition  to  its  small  propagation  loss  and  pulse  dispersion,  this  new  communications  medium  also  offers 
the  following  advantageous  properties  and  features: 

( i ) Large  Transmission  Bandwidth 

The  optical-fibre  waveguide  is  one  of  the  few  types  of  transmission  line  that  can 
carry  extremely  broadband  information. 

( i i ) Electrical  Isolation 

Optical  fibres  are  electrically  non-conducting  and  thus  they  provide  excellent 
electrical  isolition  between  the  transmitter  and  the  receiver.  They  present  no 
short-circuit  or  grounding  problems. 

(iii)  Electromagnetic  Interference 

The  optical-fibre  waveguide  is  not  susceptible  to  electromagnetic  interference 
and  it  does  not  radiate  to  any  significant  degree. 

( iv)  Physical  Factors 

Optical  fibres  and  their  associated  cables  are  small  in  size  (typical  diameters 
are  0.1  mm  and  5 mm  respectively)  and  light  in  weight.  They  are  easy  to  transport 
and  to  install.  (Note,  however,  their  small  bending  radius  demands  care  in 
installation). 

( V ) Environmental  Factors 

Optical  fibres  are  immune  to  higit  operating  temperatures.  They  do  not  burn, 
corrode  or  deteriorate  under  severe  environmental  conditions. 

( vi ) Cost 

In  addition  to  their  physical  advantages,  optical-fibre  systems  also  have  a 
cost  advantage,  since  they  fall  into  the  medium-cost  bracket  for  electrical 
communications.  Furthermore,  the  price  of  the  optical  fibre  cable  in  the  future 
will  depend  more  or  less  entirely  upon  the  production  rate  and  consequently  they 
could  become  relatively  cheap. 

Although  optical-fibre  systems  are  fairly  new,  they  are  already  being  implemented  for  trial 
purposes,  and  they  are  expected  to  be  widely  used  in  the  near  future.  Cost  is  one  of  the  important 
factors  that  has  to  be  considered  in  the  implementation  of  any  system.  The  communications  system 
designer  has  to  be  able  to  minimize  the  system  cost  by  considering  trade-offs  between  repeater  spacing, 
modulation  method,  modulation  rate  and  system  performance,  and  he  can  only  do  this  by  comparing  the 
cost  and  the  performance  of  the  various  available  types  of  optical  systems. 

In  this  paper,  a cost  model  for  an  optical-fibre  communications  system  is  presented.  The  cost 
of  the  constituents  of  an  optical-fibre  link  such  as  the  transmitter,  the  repeater,  the  receiver  and 
the  cable  are  represented  as  functions  of  the  system  parameters.  These  parameters  are  the  overall 
system  length,  the  repeater  spacing,  the  modulation  rate,  the  output  power  of  the  optical  source,  the 
sensitivity  of  the  detector  and  also,  of  course,  the  loss  and  the  dispersion  characteristics  of  the 
cable. 
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Cost  evaluations  are  carried  out  separately  for  short-haul  and  long-haul  systems.  In  this 
connection,  short-haul  systems  are  considered  to  be  less  than  one  kilometer  in  length  and  it  Is  assumed 
that  repeaters  are  not  used  in  these  systems.  For  both  short-haul  and  long-haul  systems,  the  following 
modulation  schemes  are  considered: 

- Analogue  Intensity  Modulation  (AIM), 

Pulse  Position  Modulation  (PPM), 

Coded  Digital  Modulation  (CDM). 

In  Chapter  2,  the  total  cost  of  an  optical-fibre  communications  system  is  formulated.  In  this 
formulation,  certain  practical  engineering  assumptions  are  adopted  in  order  to  permit  the  cost  to  be 
expressed  in  terms  of  a minimum  number  of  system  parameters.  In  addition,  a normalized  cost  per  unit 
length  and  bandwidth  is  defined,  and  the  total  system  cost  is  normalized  with  respect  to  the  sum  of  the 
unit  prices  of  a transmitter,  a receiver  and  a repeater. 

The  performance  measure  for  a modulation  scheme  is  either  the  signal-to-noise  ratio  (SKR)  or  the 
bit  error  rate  (BER)  and  in  Chapter  2 the  appropriate  measure  is  derived  for  the  AIM,  PPM  and  CDM 
schemes  referred  to  above.  By  applying  suitable  assumptions,  simplified  relationships  between  the  SNR 
or  the  BER,  and  the  bandwidth  of  each  modulation  scheme  are  derived. 

The  numerical  results  are  presented  in  Chapter  3.  The  performance  measure  (SNR  or  BER)  of  each 
modulation  scheme  is  plotted  against  the  bandwidth  with  the  average  received  optical  power  as  a parameter. 

The  average  received  power  depends  on  such  parameters  as  the  link  length  or  the  repeater  spacing,  the 
transmitter  power,  and  the  cable  loss,  and  it  is  also  given  as  a function  of  these  parameters. 

As  examples  of  the  use  of  the  cost  model,  the  normalized  costs  are  derived  for  a short-haul 
PPM  system,  where  they  are  plotted  as  functions  of  the  link  length  and  information  bandwidth,  and  for  a 
long-haul  CDM  system,  where  they  are  plotted  against  repeater  spacing  and  the  modulation  rate. 

The  final  Chapter  contains  an  estimate  of  the  optical-fibre  coiwnunications  system  cost  per  channel 

per  unit  length  and  comments  on  some  of  the  significant  results  of  the  study. 

2.  COST  MODEL  AND  FORMULATION  OF  THE  SYSTEM  PARAMETERS 

Consider  the  optical-fibre  communications  link  shown  in  Fig.  1,  where  the  overall  length  of 
the  system  is  L (km)  and  the  repeater  stations  are  spaced  i (km)  apart.  The  cost  of  such  a system  depends 
on  the  cost  of  the  transmitter  unit,  the  receiver  unit,  the  number  of  repeaters  and  the  unit  cost  of  each 
repeater,  as  well  as  the  total  length  and  the  per  unit  length  cost  of  the  fibre  cable. 

2.1  THE  COST  MODEL 

2.1.1  Transmitter  Cost 

and  associated  driver 
It  is  reasonable  to 
rate  and  the  output  power 

(1) 

rate  and  the  reference  value 
of  the  output  power  of  the  optical  transmitter  P^.  The  term  C „ r<»presents  the  reference  value  of  the 

optical  transmitter  cost  corresponding  to  the  reference  modulation  rate  and  the  reference  output  power. 

The  val  ies  of  y and  n depend  on  the  modulation  rate  as  follows: 

V,n  < 1 for  R < 100  Mb/s 
Y^n  > 1 for  R > 100  Mb/s 

2.1.2  Receiver  Cost 

The  cost  of  an  optical  receiver  is  denoted  Cr  , and  it  comprises  the  costs  of  a fibre-to-light- 
detector  connector,  a light-detector,  and  a modulator.  Although  the  cost  of  a light -detector  varies 
as  a function  of  its  sensitivity  bandwidth,  rise-time  and  quantum  efficiency  many  of  these  factors  can 
be  combined  into  a single  constant  and  the  cost  variation  of  Cj^  can  be  represented  as  a function  of 
merely  the  modulation  rate.  Thus, 

(2) 

i 


An  optical  transmitter  consists  of  a modulator,  a light  source 
circuitry,  and  a source-to-fibre  connector;  its  cost  is  designated  C ^ . 
assume  that  the  cost  of  an  optical  transmitter  depends  on  the  modulation 
of  the  optical  source  in  the  following  manner  (Refs.  2 and  3): 

C.  = C (R/R 
T oT  o t to 

where  R © ^nd  Pt©  ®re  respectively  the  reference  value  of  the  modulation 
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where  C is  the  reference  value  of  the  optical  receiver  cost  corresponding  to  the  reference  bit  rate 
Rq  . Analytical  considerations  have  shown  that  it  is  reasonable  to  express  the  exponent  on  (R/Rq  ) by 
Y as  defined  for  the  transmitter. 

2.1.3  Repeater  Cost 

The  repeater  cost  is  referred  to  here  as  • and  it  is  dependent  upon  the  s'insitivity  of 
the  repeater  detector,  the  output  power  of  the  repeater  transmitter,  and  the  transmission  rate.  If 
we  assume  that  the  type  of  optical  source  and  detector  used  in  the  repeatei  have  the  same  cost 
dependence  on  bit  (or  modulation)  rate  and  output  power  as  In  the  transmitter  and  the  receiver  units, 
the  cost  of  each  repeater  can  be  formulated  by: 


= C 


(R/R^)^  (Pt/Pto>'’ 


r or 

where  C or  is  the  reference  value  of  the  optical  repeater  cost  corresponding  to  the  reference  bit 
rate  and  the  reference  transmit  power. 


(3) 


2.1.4 


Cable  Cost 


The  cable  cost  is  represented  here  by  Cp  and  it  is  assumed  to  depend  only  upon  the 
transmission  loss  of  the  fibre  itself.  Thus  Cp  can  be  written  as 

C-  = C „ (20/a)  L 
t ot 

where  ^o.r  the  reference  value  of  the  cable  cost  corresponding  to  a 20-d9/km  transmission  loss  and 
a is  the  optical  fibre  cable  loss  in  dB/km. 


(4) 


2.1.5 


Link  Cost 


The  total  cost  of  the  link  is  obtained  by  combining  eqs.  (1)  to  (4).  Thus 


C = 


Ct  t C-  t NC^  + C„ 
1 i\  Pi 


where  N = (L/f  - 1)  is  the  number  of  repeaters.  Eq.  (5a)  can  also  be  expressed  as 

C = ^ LC„j.(20/a). 

It  is  useful  to  normalize  the  total  system  cost  in  the  following  manner  in  order  to  obtain  costs  per 
unit  length  and  per  bit/s. 

t C/[LR(C^.r  t t nC^^)] 

),  N=0 
N^O 


where 


(5a) 


(5b) 


(6) 


Then 


where 


C = 


[(It  NB^)(P^/P^^)''  t bJ(R/R^)^  t LBj.(20/a) 


[lR(1  ♦ ♦ nBj,)] 


(7) 


®R"  ^oR'^^oT 
«r=  C^r/CoT 
®r"  ^op/CoT 

When  N = 0,  eq.  (7)  represents  the  normalized  cost  of  a short-haul  system,  and  when  N>>  1,  it  is  the 
normalized  cost  of  a long-haulsysxem. 


2.2 


MODUUTION  SCHEMES 


The  cost  formulation  derived  in  the  previous  section  can  now  be  used  either  for  a digital  or 
an  analogue  system  with  specified  system  performance.  The  performance  measure  for  a modulation  scheme 
is  either  the  SNR  or  the  BER.  In  this  study,  three  types  of  modulation  schemes  are  considered  and  in 
the  following  sub-sections  a relationship  between  the  performance  measuie,  the  modulation  rate  and  the 
detected  average  optical  power  is  derived. 

7.2.1 Analogue  Intensity  Modulation 

In  the  AIM  scheme,  the  emitting  diode  is  Intensity  modulated  and  the  SNR  at  the  receiver  can 
be  expressed  as  (Refs  1,  6 and  8). 


SNRj  S 0.5[Q(e/hv)  G m 


(8) 


where  Q is  the  quantum  efficiency,  G is  the  gain  of  the  optical  detector,  e and  hu  are  the  electron 
charge  and  the  energy  per  photon  respectively,  m is  the  modulation  index  and  I®  The  total  root 

mean  square  noise  power.  P^  is  the  averaged  received  optical  power  and  is  given  by 


an 


(9) 
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Pq  = P^/anti-logjQ[(at  t a^)/10] 

where  oi^  is  the  f Ibre-to-optlcal  detector  coupling  loss,  and  is  the  amount  of  power  coupled  into 
the  fibre  from  a source  with  optical  power  P^.  The  approximate  relationship  between  P^  and  P^ 

Pc  = 0.5  P^  (NA)2 

where  NA  is  the  numerical  aperture  of  the  fibre. 

2 

In  eq.  (8)  <1^  > consists  of  the  quantum  noise,  the  thermal  noise,  the  background  noise, 
the  leakage  and  the  beat  noise  (these  are  discussed  in  detail  in  Reference  6),  If  we  assume 

Q = 0.5, 

X = 0.85  («in, 

G : 10, 

and  m = 1 , 

eq.  (8)  reduces  to 


(10) 


SNR, 


6 « 10®  P 2/[b,(2.5  X 10*®  P 2 + 3.5  P + 3.1)1 

0^1  O ^ 


where  ^ is  the  bandwidth  of  the  information  source  and  is  taken  equal  to  the  channel  bandwidth  for 
AIM.  Thus,  Bj  can  be  expressed  as 


8 : 6 X 10®  P 2/[SNR,(2.5  X 10*5  P ^ + 3.5  p + 3.1)']  |,hz 

1 o I o o 


(11) 


(12) 


where  P is  in  yW. 
o 


2.2.2 


Pulse  Position  Modulation 


PPM  is  an  analogue-sampled  modulation  scheme  and  the  position  within  the  sample  period  of 
the  leading  edge  of  a short-duration  pulse  is  proportional  to  the  sampled  amplitude  of  the  information 
signal.  The  expression  for  the  SNR  of  such  a system  can  be  found  in  Refs.  6 and  8.  If  we  use  the  same 
values  taken  for  the  parameters  in  the  AIM  scheme,  the  expression  for  the  SNR  of  a PPM  system  takes  the 

6 X 10®  [hK  (K  - 1)  P 1^ 

SNR  = — , 

P [B^(2.5  X 10*5  P^2  t 3.5  P^  + 3.1)] 

where  K - ^nd  is  the  peak  pulse  power  at  the  receiver,  and  (in  KHz)  is  the  noise 

bandwidth.  The  information  bandwidth  of  a PPM  system  is 


Bp  = B^/(4K) 


and  by  using  eq.  (13),  the  bandwidth  is 


where  again  P^  is  in  yW. 


1.5  X 10^  [,K  (K  - 1)  Pj^ 

[k(2.5  X 10*5  t 3.5  P^  t 3.1)  SNRp] 


(14a) 


(14b) 


2.2.3 


Coded  Digital  Modulation 


In  this  scheme,  binary  pulse  code  modulation  (PCM)  is  implied  and  the  main  requirement  would 
be  the  achievement  of  a particular  desired  error  rate,  and  this  is  determined  mainly  by  the  receiver 
input  power  P^  and  the  pulse  rate.  If  we  use  the  expression  given  in  (9)  for  the  receiver  input  power  with 
no  avalanche  gain,  we  have 


P = hv  q/(QT®'^) 


(IS) 


where  1/T  Is  the  bit  rate  (and  Is  equal  to  R)  and  q Is  the  factor  that  determines  the  error  rate  given 
by 


BER  = (1/2w)*/2  I exp(-  x^/2)  dx 


For  a digital  receiver  with  additive  gausslan  noise,  the  bit  rate  Is  obtained  from  eq.  (15)  as: 


R = 100  (2.2  P^/q)*“  Mb/s 


(16) 


(17) 


where  P_  is  in  yW. 
o 
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3. 


NDMI^ICAL  RESULTS 


The  study  and  the  application  of  the  model  are  confined  to  optical  transmitters  that  have  LED 
sources  and  use  parabolic-index  fibre  cables.  The  normalized  cost  values  can  be  obtained  by  evaluating 
eq.  (7)  as  a function  of  the  system  length  or  the  modulation  rate.  The  maximum  possible  value  of 
modulation  rate  for  each  scheme  is  given  by  eqs.  (11),  (13)  and  (16).  However,  in  certain  circumstances 
the  information  bandwidth  can  be  limited  to  lower  values  than  those  calculated  by  eqs.  (11),  (13)  and 
(16)  by  virtue  of  the  dispersion  characteristics  of  the  fibre.  It  follows  from  Refs.  4,  5 and  7 that 
the  maximum  modulation  rate  of  a parabolic-index  fibre  Is 


R 2 2 c nj3 /[KNA)**] 


( 18) 


where  c is  the  velocity  of  light  in  vacuo  and  is  the  index  of  refraction  of  the  fibre  core. 
3.1  ASSUMPTIONS 


With  regard  to  the  calculations , there  are  certain  simplifying  assumptions  concerning  the  values 
of  the  constants  and  the  variables;  in  brief,  the  values  of  the  constants  are  estimated  from  the  small 
quantity  prices  of  various  optical  components  and  the  range  of  values  for  the  variables  are  constrained 
to  the  state-of-the-art.  Also,  in  all  the  cases  considered,  the  information  bandwidth  is  limited  to 
1(X)  MHz,  since  it  appears  to  be  the  upper  limit  achievable  with  LED  sources. 

The  constants  in  the  analysis  are: 

Sr  = l,Bp  = 2,  and  S p = 10 , 

Y =0.5  and  r\  =0.5, 
n^  = 1.5, 

NA  = 0.2, 
tip  = dB, 

Rq  = 1 Mb/s 

Pto  = 1 mW 

The  variables  in  the  analysis  are: 

1 mW  < P^<  10  mW 

lOdB/kmlal  40  dB/km 


3.2  RESULTS 

When  the  assumptions  stated  above  are  used  in  eq.  (7),  the  normalized  cost  of  both  short-haul 

and  long-haul  systems  can  be  simplified.  Thus,  for  the  short-haul  systems  when  N = 0 

Cj  = 5 « 10"''  [(1  t P^’‘‘'2/(L  R'^^)]  + lO'^/aR 

and  for  the  long-haul  systems  when  N>>  1 

= 5 « 10*’  )]  t 5 « 10'5/oR 

where  P^  Is  In  tnW,  R is  in  Mb/s,  a is  in  dB/km  and  L or  t is  in  km. 

The  performance  measure  of  the  modulation  schemes  given  in  eqs.  (11),  (13)  and  (16)  are 
plotted  in  Figs.  2 to  4 against  the  information  bandwidth  or  the  modulation  rate.  The  average  received 
optical  power  (P„),  which  is  used  as  a parameter,  is  given  by  eq.  (9)  and  it  can  be  seen  to  depend  on 
the  link  length  (or  the  repeater  spacing),  the  transmitter  power,  and  the  cable  loss.  The  values  of 
Pq  are  plotted  In  Fig.  5 as  a function  of  link  length  with  transmitter  power  aiid  cable  loss  as  parameters. 

One  can  use  Figs.  2 to  5 to  select  the  type  of  cable  and  the  transmitter  power  if  the  system  SNR  or  BER 

and  the  information  bandwidth  are  specified. 

Equations  (ISa)  and  (19b)  can  now  be  used  to  evaluate  the  normalized  cost  of  the  short-haul  and 
the  long-haul  systems  for  a range  of  a and  P^  values  by  varying  R and  L in  the  case  of  the  short-haul 
systems  and  R and  I in  the  case  of  long-haul  systems.  However,  Instead  of  presenting  the  results 
for  all  possible  cases,  the  use  of  the  cost  model  will  be  illustrated  with  specific  examples;  For  a 
short-haul  system,  the  PPM  scheme  is  considered  and  the  normalized  cost  (Cg)  is  plotted  in  Fig.  6 as  a 
function  of  the  link  length  and  the  information  bandwidth.  For  a long-haul  system,  the  PCM  scheme  is 
considered  and  the  normalized  cost  (C^^)  is  plotted  in  Fig.  7 against  the  repeater  spacing  and  the 
modulation  rate.  In  the  evaluations,  and  o are  used  in  turn  as  the  parameter. 


( 19a ) 


( 19b) 
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3.2.1  Short-Haul  PPW  System 

The  SNR  objective  of  this  system  is  assumed  to  be  70  dB  and  the  maximum  information  bandwidth 
is  plotted  against  the  system  length  in  Tig.  6.  By  selecting  various  combinations  of  “ and  one  can 
use  rig.  6 to  maximise  either  the  lnforsta*’ion  bandwidth  or  the  system  length. 

The  normalized  cost  of  the  PPM  system  (Cg)  is  plotted  in  Fig.  7 against  the  system  length  for 
a constant  information  bandwidth  of  S MHz.  In  all  the  cases  shown,  the  normalized  cost  decreases  as  a 
function  of  the  system  length  and  one  can  trade-off  the  cable  loss  against  transmitter  power,  in  order  to 
minimize  the  cost.  For  example,  for  system  lengths  less  than  0.3  km  the  cost  is  minimum  for  a cable  loss 
of  40  dB/km  and  a transmitter  power  of  ImH,  and  for  the  same  transmitter  power  over  system  lengths  of 
0.3  to  0.6  km,  the  20  dB/km  cable  gives  the  minimum  cost.  On  the  other  hand,  for  system  lengths  greater 
than  0.6  km,  the  cost  can  be  minimized  by  selecting  the  20  dB/km  cable  with  a transmitter  power  of  10  mW. 
Thus,  for  shorter  lengths,  the  transmitter-receiver  cost  dominates  and  variation  of  the  normalized  cost  is 
determined  by  the  system  length.  However,  for  longer  system  lengths,  the  cable  cost  dominates  and  variation 
of  the  normalized  cost  is  determined  mainly  by  the  type  of  cable  used. 

In  Fig.  8,  the  normalized  cost  CT  is  plotted  against  the  bandwidth  for  two  different  values 
of  L.  For  a constant  P^  and  a , the  normalized  cost  is  an  inverse  function  of  the  bandwidth  and  its  slope  is 
dependent  on  the  value  of  L. 

3.2.2  Long-Haul  PCM  System 

.Q 

The  BER  objective  of  this  system  is  taken  to  be  10  and  the  maximum  modulation  rate  is  plotted  in 
Fig.  9 against  the  repeater  spacing.  As  can  be  seen  from  Fig.  9,  the  maximum  bit  rate  decreases  as  a 
function  of  f and  it  is  0.1  Mb/s  for  a repeater  spacing  of  6 km  when  using  the  10  dB/km  cable  and  a 
transmitter  power  of  10  mW. 

In  Fig.  10,  the  normalized  cost  of  the  long-haul  PCM  system  (Cl)  is  plotted  against  the 
repeater  spacing,  and  the  modulation  rate  is  used  as  a parameter.  For  low  modulation  rates,  i.e. 
less  than  1 Mb/s,  Cl  Is  nearly  constant  and  its  value  is  determined  mainly  by  the  cable  cost. 

However,  for  higher  bit  rates,  the  repeater  cost  dominates  and  the  variation  of  Cl  as  a function  of 
I is  more  prominent. 

Cl  is  also  plotted  in  Fig.  11  against  the  bit  rate  for  a repeater  spacing  of  2 km  with 
a and  Pt  taken  as  parameters.  For  a constant  ®,  the  normalized  cost  decreases  as  a function  of  the 
modulation  rate,  and  has  almost  no  dependence  on  P^  • For  example,  if  baud  rates  above  2 Mb/s  are  desired, 
the  10  dB/km  loss  cable  has  to  be  used,  and  the  difference  in  Cl  with  ten  times  more  transmitter 
power  is  not  significant,  even  though  four  times  faster  transmission  rate  is  provided. 


4.  CONCLUSIONS 


In  this  paper,  a cost  model  for  an  optical  fibre  communications  system  is  derived,  and  the 
normalized  c<^st  curves  for  a short-haul  PPM  system  with  an  SNR  of  70  dB,  and  for  a long-haul  PCM  system  with 
a BER  of  10  , are  presented.  The  results  obtained  in  the  evaluations  are  based  on  reasonable  assumptions 

and  are  applicable  to  transmitters  with  LED  sources  and  graded  -index  fibre  cables. 

The  data  for  the  short-haul  PPM  system  is  shown  in  Figs.  7 and  8.  When  the  information 
bandwidth  is  held  constant,  the  normalized  cost  is  effectively  determined  by  the  transmitter-receiver 
cost  for  short  system  lengths  (i.e.  less  than  300  metres)  and  by  the  cable  cost  for  longer  system  lengths. 

If  we  consider  the  system  length  of  0.5  km  in  Fig.  8,  the  minimum  normalized  cost  is  5.5  x 10*6  for  1 MHz 
bandwidth  when  using  the  40  dB/km  cable  and  a transmitter  power  of  4 mW.  If  C oT  Is  assumed  to  be 
500  US  dollars,  the  total  cost  of  this  system  for  a duplex  link  would  be  5500  US  dollars  (or  approximately 
50  US  dollars  per  channel  per  km.).  If  a 10  dB/km  cable  is  used,  the  total  cost  of  this  system  would  be 
13000  US  dollars  (or  approximately  100  dollars  per  channel  per  km.). 

The  data  for  the  long-haul  PCM  system  is  shown  in  Figs.  10  and  11.  At  low  transmission 
rates,  i.e.  less  than  1 Mb/s,  the  normalized  cost  has  almost  no  dependence  on  the  repeater  spacing 
and  the  system  cost  is  determined  predominantly  by  the  cable  cost.  At  higher  transmission  rates,  the 
total  cost  is  more  dependent  on  the  repeater  cost  and  the  number  of  repeaters,  and  thus  the  variation 
of  the  rormalized  cost  with  the  repeater  spacing  is  more  evident.  Also  for  long-haul  systems,  the 
normalized  cost  is  weakly  dependent  on  the  transmitter  power. 

If  a pulse  rate  of  2 Mb/s  is  selected  for  the  long-haul  PCM  system,  corresponding  to  32-chann6l 
PCM,  the  normalized  cost  is  2 x 10  for  a repeater  spacing  of  2 km  and  a cable  loss  of  20  dB/km. 

Again,  if  C Qj  is  assumed  to  be  500  US  dollars,  the  total  cost  of  this  system  is  8000  US  dollars  per  km 
(or  270  US  dollars  per  km  per  channel).  However,  for  a 10  dB/km  cable,  the  total  cost  would  be  12000  dollars 
per  km  (or  approxiii.ately  400  US  dollars  per  km  per  channel). 


The  results  presented  in  this  study  are,  of  course,  only  valid  for  the  parameters  considered, 
but  we  have  tried  to  select  values  for  these  parameters  that  reflect  the  state-of-the-art.  Only  data 
relevant  to  LED  sources  are  presented,  since  these  are  the  most  reliable  optical  sources  known  at 
present,  and  the  cable-loss  values  were  selected  on  the  basis  of  current  commercially-avallable 
products.  The  exact  relationships  between  the  cost,  the  pulse  rate  (or  bandwidth),  the  output  power 
of  the  transmitter  and  the  cable  loss  naturally  have  a significant  bearing  on  the  results.  These 
relationships  are  constructed  on  the  basis  of  the  cost  analysis  of  several  optical  components.  We 
believe  the  results  of  the  cost  calculations  given  above  for  the  short-haul  and  the  long-haul  systems 
are  within  the  range  of  commercially-avallable  system  costs. 
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Figure  7: 


Normalized  Cost  of  the  Short-Haul  Pulse  Position  Modulation  System 
versus  Link  Length 


Figure  8: 


Mormaiized  Cost  of  the  Short-Haul  Pulse  Position  Modulation  System 
versus  Bandwidth  for  a Signal-to-NoIse  Ratio  of  70  dB 
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Figure  10: 


Normalized  coat  of  the  Long-Haul  Pulse  Code  Modulation  System  versus 
the  Repeater  Spacing  for  a Bit  Error  Rate  of  10'^ 
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Figure  11: 


Normalized  Cost  of  the  Long-Haul  Pulse  Code  Modulation  System  versus 
the  Pulse  Rate  for  a Bit  Error  Rate  of  10*^ 


A-7  ALOFT  ECONOMIC  ANALYSIS  AND  EMI-EMP 
TEST  RESULTS 
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271  CaUlina  BWd. 

San  Die|o.CA92IS2  USA 

Summary 

An  economic  analysis  of  fiber  optics  technology  for  the  A-7  aircraft  was  undertaken  in  July  1975.  The  project.  Airborne  Light 
Optical  Fiber  Technology  (ALOFT),  was  assigned  to  the  Naval  Electronics  Laboratory  Center  (NELC),  San  Diego,  California,  to  manage 
the  flight  test  and  evaluate  the  effectiveness  of  a fiberoptic  interface  communication  system  in  an  operational  aircraft.  The  purpose  of 
this  paper  is  to  present  the  final  results  of  the  economic  analysis  made  of  the  system  and  to  report  upon  electromagnetic-interference 
(EMI)  and  electromagnetic-pulse  (EMP)  tests. 

The  economic  analysis  developed  credible  cost  projections  for  three  performance-equivalent  cable  alternatives:  coaxial,  twisted- 
shielded  pair,  and  fiber  optic.  These  cost  projections  were  generated  by  an  approach  which  utilizes  two  techniques;  one  which  computes 
very  specific  costs  of  research  and  development  (R&D),  investment,  and  operation  and  support  (O&S)  for  the  data-transmission  links, 
and  the  other  which  computes  total  weapon  systems  cost  of  R&D,  investment,  and  O&S  resulting  from  the  inclusion  of  the  field- 
operation  systems.  The  results  clearly  indicated  definite  economic  benefits  with  fiber  optics. 

Tests  were  also  performed  to  determine  EMI  susceptibility  and  EMP  effects  on  fiber-optic  and  wire  interconnects  for  the  A-7 
navigation  and  weapon  delivery  subsystem  (NWDS).  These  tests  were  performed  in  the  laboratory  and  on  the  aircraft.  Results  from  the 
EMI  and  EMP  tests  have  shown  that  the  A-7  ALOFT  fiber^iptic  subsystem  is  less  susceptible  to  EMI  and  greatly  reduces  electromagnetic 
induction  from  an  induced  transient  pulse. 

1.0  INTRODUCTION 

The  A-7  ALOFT  program  was  assigned  to  the  Air  Systems  Program  Office,  NELC,  San  Diego,  California,  for  management  and 
control  of  the  flight  test,  evaluation,  and  economic  feasibility  of  a fiber-optic  interface  communication  system  in  an  operational  military 
environment.  This  program,  sponsored  by  the  Naval  Air  Systems  Command,  Washington,  DC,  provided  a meaningful  demonstration  of 
fiber-optic  systems  for  use  as  internal  aircraft  signal-data  transmission  links.  Signal  wiring  in  the  navigation  weapon  delivery  system 
(NWDS)  of  a Navy  A-7  aircraft  was  replaced  by  electronic  multiplexing  circuits  and  fiber-optic  interface  components.  The  system  was 
fust  tested  in  the  laboratory  and  then  was  installed  in  the  A-7  aircraft  in  which  nearly  I SO  flight  test  hours  have  been  conducted  on  the 
fiber-optic  interconnect  configuration.  Defmitive  comparisons  have  been  made  of  the  original  A-7  wiring  and  the  improved  fiber-optic 
interconnect  configuration  to  show  EMI  immunity,  reduction  in  system  transient  pulses  produced  by  high  magnetic  induction  fields, 
increased  reliability,  and  total  cost  offsets. 

The  requirement  for  an  economic  analysis  is  defmed  in  most  program  and  planning  documents.  Economic  analysis,  as  defined  by 
the  Defense  Economic  Analysis  Council  (DEAC)  and  as  explained  in  DOD  Instruction  7041.3  and  DOD  Directive  5000.28  as  well  as 
many  others,  is  “the  process  which  assists  the  decision  maker  in  the  allocation  of  resources  through  the  determination  of  the  costs  and 
benefits  of  each  future  course  of  ^ction.”  During  the  conceptual  phase  of  a program,  the  chosen  alternatives  should  be  compared  with 
total  life-cycle  costs  and  total  benefits  before  a decision  is  made.  All  the  risks  and  uncertainties  should  also  be  addressed  prior  to  this 
decision. 

The  requirement  for  fiber  optics  was  expressed  clearly  in  the  Operational  Requirement  (OR),  “Advanced  Aircraft  Electrical  Sys- 
tem (AAES).”  Future  threats  dictate  a need  for  an  improvement  in  the  quantity  and  quality  of  aircraft  and  their  avionics.  The  threat  to 
avionics  must  be  met  with  a reduction  in  radio-frequency  interference  (RFI),  electromagnetic  interference  (EMI),  and  electromagnetic 
pulK  interference  (EMP).  In  addition,  there  exists  a ne^  for  a dramatic  reduction  in  weight  and  volume.  Coupled  with  these  items  is 
the  desire  for  unproved  reliability,  maintainability,  availability,  survivability,  and  capability.  Other  ORs  and  Scientific  and  Technical 
Objectives  (STOs)  have  the  same  requirements.  These  stated  requirements  are  the  proven  or  expected  advantages  of  fiber  optics.  The 
economic-analysis  effort  has  compared  these  desired  benefits  with  other  alternative  wire-interconnect  subsystems  and,  at  the  same  time, 
has  determined  the  total  life-cycle  costs  for  each  subsystem.  Life-cycle  costs  are  the  total  costs,  directly  or  indirectly  associated  with  an 
alternative  during  its  development,  acquisition,  and  operational  time  frame. 

2.0  ALOFT  INTERFACE  DESCRIPTION 

One  hundred  fifteen  signals  which  were  originally  transmitted  over  a very  dense,  parallel  interface,  consisting  of  302  wires 
(twisted-shielded  pair,  three-wire,  and  coaxial  cablet)  were  multiplexed  into  1 3 data-transfer  channels.  Data  were  transmitted  via  1 3 
fiber-optic  cablet  and  were  consolidated  into  a angle  optical  connector  at  the  computer  interface.  Such  extensive  point-to-point  multi- 
plexing was  posable  because  of  the  wide  bandwidth  available  with  fiber-optics.  Analog,  digital,  discretes,  pulse  trains,  and  switch  clo- 
tures were  among  the  tipial  types  which  were  transmitted  over  these  13  fiber-optic  multiplexed  channels.  The  ALOIT  system  was  de- 
signed to  operate  up  to  10  megabits  per  second.  The  signals  were  time-division  multiplexed  and  were  transmitted  over  the  fiber-optic 
cablet  using  Manchester  coding.  The  maximum  transmission  distance  in  the  ALOFT  configuration  was  less  than  10  metres,  with  a maxi- 
mum of  5 jiastive  coupling  points  from  the  light  source  to  the  detector.  The  actual  worst-case  system  attenuation  losses  through  this 
longest  link  with  the  greatest  number  of  coupling  points,  including  splice  margins,  connector  losses,  and  error  margin,  was  less  than  45 
dB.  This  was  achieved  with  1974  technology  which  consisted  of  galUum-aluminum-arsenide  (GaAs)  light-emitting  diodes  (LEDs),  a 45- 
mil  bundle,  high-loss,  glass-on-glass,  fiber-optic  cables,  PIN  silicon  photodiodes,  and  3 types  of  connectors  along  with  the  appropriate 
circuitry  needed  to  convert  electricity  to  li^t  and,  conversely,  light  to  electrical  potentials.  Figure  2-1  presents  a side-by-side  compari- 
aon  of  the  amount  of  copper  wiring  and  connectors  displaced  in  the  A-7  aircraft  by  the  13  fiber-optic  cables  in  the  multiplexed  ALOFT 
system.  Length,  weight,  and  actual  coat  comparisons  are  also  presented  in  this  figure. 

3.0  COST  ANALYSIS  METHODOLOGY 

The  purpose  of  the  A-7  ALOFT  Economic  Analysis  Program  was  to  develop  valid  cost  estimates  for  performance-equivalent 
digitaldata  tranter  systems  utilizing  conventional  wire  and  fiber-optics.  The  cost  estimates  were  generated  by  an  approach  which  uti- 
lized two  techniques:  one  which  computed  research  and  development  (R&D),  investment,  and  operating  and  support  (O&S)  costs  for 
t.V  liber  optics  and  wire  interconnect  data  tranonission  subsystems  (“^ttoma-Up”  model);  and  another  which  computed  the  total 
weapon  system  costs  as  a reault  of  cluuiges  in  weight  of  the  respective  subsystems  (“Top-Down”  model).  The  “Bottoma-Up”  model  out- 
puts became  one  of  the  inputs  to  the  "Top-Down”  model  which  yielded  the  total  life-cycle  cost  (LCX)  results. 
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The  "Boltonn-Up”  model  was  designed  to  reflect  the  subsystem  cost  differences  between  the  fiberoptic  and  wire-interconnect 
alternatives.  The  "Top-Down”  model  measured  changes  in  weight  which  affected  design  options  on  aircraft  LCC.  The  integration  of  the 
two  models  was  conducted  in  the  following  manner  and  is  illustrated  in  figure  3-1 : 

a.  Detailed  subsystem  LCC  differentials  for  a specifically  designed  data  transmission  subsystem  were  generated  from  the 
“Bottoms-Up"  model. 

b.  The  delta  weight  associated  with  a specific  data-transmission  subsystem  (relative  to  the  baseline  A-7  aircraft  weights)  was 
utilized  to  determine  the  change  in  total  weapon  system  life-cycle  costs  through  changes  in  the  growth  or  shrinkage  of  the  airframe, 
engine,  etc.,  to  support  the  respective  changes  in  subsystem  weight  (’Top-Down"  model). 

c.  The  results  from  these  two  models  were  then  consolidated,  tested  for  sensitivity,  and  evaluated  to  provide  the  total  LCC  for 
each  alternative. 

Several  basic  parameters  had  to  be  established  before  data  could  be  input  to  the  cost  models.  Production  schedules  and  quanti- 
ties had  to  be  established  for  each  alternative  design  configuration.  Escalation  and  strategic-commodity  rate  increases  and  experience- 
curve  estimates  had  to  be  established  for  each  alternative. 

The  base  year  for  the  economic  analysis  was  established  as  beginning  I January  1977  with  a 3-year  period  assigned  to  perform  the 
research,  development,  and  test  and  evaluation  of  a subsystem  design.  The  next  4 years  weie  assigned  to  the  acquisition  of  the  subsys- 
tem, and  the  final  10  years  were  assigned  as  anticipated  operational  life  without  a service-life  extension  program  (SLEP).  The  basic  A-7 
Navigation/Weapon  Delivery  Subsystem  (N/WDS)  is  the  baseline  design  in  a total  production  schedule  of  812  A-7E  aircraft.  Of  these  812 
aircraft.  1 2 are  test  vehicles,  the  costs  for  which  are  included  in  RDT&E  fabrication  costs.  The  remaining  800  aircraft  will  meet  the 
following  delivery  schedule: 

1980  - 80. 

1981  - 240, 

1982  - 240,  and 

1983  - 240. 

It  was  also  assumed  that,  of  the  800  aircraft,  675  will  be  operational  vehicles.  The  utilization  rate  was  assumed  to  be  35  hours  per  month 
for  9 of  the  10  years  of  operation.  The  remaining  year  was  considered  to  be  a wartime  operatiorul  enviroiunent  and  the  operation  rate 
was  assumed  to  be  1 2 hours  per  day.  A-7E  aircraft  attrition  rates  in  Southeast  Asia  were  also  assumed  for  survivability  analysis. 

3. 1 “Bottoms-Up"  Model 

NELC  had  the  requirement  of  obtaining  fiber-optic  cost  information  in  the  development  of  the  A-7  ALOFT  Cost  Model.  Many 
difficulties  arose  in  the  development  of  the  life-cycle  cost  model.  There  was  no  data  base  for  production-unit  costs  (except  for  those 
costs  for  model-shop  work  and  prototype  development).  No  cost  models  existed  for  component-level  development  such  as  for  cables, 
connectors,  and,  particularly,  virgin-technology  liber  optics.  Additionally,  no  operational  fiber-optic  system  had  ever  been  constructed. 
All  of  these  factors  meant  that  standard  analytical  techniques  could  not  be  applied  to  the  study  and  that  many  uncertainties  had  to  be 
considered. 

Therefore,  in  order  to  alleviate  some  of  the  overall  uncertainties  relating  to  any  new  technology,  the  decision  was  maoe  to  consid- 
er only  those  costs  which  were  relevant  to  the  problem  at  hand.  This  was  accomplished  by  identifying  only  those  life-cycle  cost  ele- 
ments which  had  significant  cost  differences  between  wire-interconnect  and  fiber-optic  configurations.  This  model  was  called  "Bottoms- 
Up"  and  it  address^  cost  changes  between  particular  data-transmission  subsystems.  These  cost  elements  were  separated  into  4 major 
cost  categories:  research,  development,  test  and  evaluation  (RDT&E);  nonrecurring  investment ; recurring  investment;  and  operation  and 
support  (O&S).  Sixteen  cost  elements  in  these  4 categories  were  determined  to  have  significant  cost  differences  and  therefore  became 
the  elements  of  the  “Bottoms-Up"  coat  model. 

Initial  cost  data  for  fiber-optic,  life-cycle  cost  elements  were  gathered  with  the  use  of  questionnaires.  Appropriate  Delphi  ques- 
tionnaires were  distributed  to  both  aircraft  and  (ibei^optic  manufacturers.  Telephone  and  personal  interviews  were  then  conducted  with 
manufacturers  and  other  organizations,  as  appropriate,  to  finalize  the  data  collection.  From  the  data-collection  effort,  cost  factors  were 
calculated  for  the  fiber-optic  cost  elements.  These  cost  factors  are  summarized  in  Table  3-1.  Except  where  noted,  the  cost  factor  is  the 


TABLE  3-1.  TABULATION  OF  DIFFERENTIAL  COST  ELEMENTS. 


Cost  Category 

Cost  Element 

Cost  Element  Description 

Cost  Factor 

RDTftE 

I.2.I.2 

Design  Engineering  Cost 

0.80 

1.2. 1.3 

Fabrication  Cost  (Test  aircraft) 

0.95  (labor) 

1.05  (material) 

1.2.1.4 

Development  Test  Costs 

$100  000 

1.2.I.5 

Test  Support  Costs 

$100  000 

I.2.I.8 

Test  Equipment  Costs 

$100  000 

Nonrecurring  Investment 

2.1.5 

Initial  Spares  & Repair  Parts 

0.83 

2.1. 6.3.2 

Maintenance  Training  (Contractor) 

$4000 

2.1.10 

Peculiar  Support  Test  Equipment 

1.30 

2.2.2.2 

Training  Devices  Costs 

2.00 

2.2.2.3.2 

Maintenance  Training  (Govenunent) 

$8000 

2.2.2.3.3 

Instructor  Training  (Government) 

$8000 

Recurring  Investment 

3.1.1 

Manufacturing  Costs 

0.80 

3.1.2.1 

Purchased  Equipment  A Parts 

0.83 

3.1.3 

Sustaining  Engineering 

0.80 

Operating  A Support 

4.2.I.I.I 

Organizational  Maintenance 

0.80 

4.2. 1.3 

Support  Equipment  Maintenance 

0.80 

4.2.2.3 

Spare  Parts  A Repair  Material 

0.50 

4.2.2.4.1 

Inventory  Management  Costs 

1.60 
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ratio  of  the  nberoptic  cost  relative  to  the  cost  of  “equal-functions"  performance  if  coaxial  cables  were  used.  The  coaxial  subsystem 
costs  arc  based  upon  the  component  types  and  quantities  specified  in  NELC  Technical  Document  43S  (ELLIS.  J.  R.  and  GREENWELL, 
R.  A.,  I97S).  An  example  of  the  cost  factor  can  be  explained  by  observing  the  cost  element  number,  1.2. 1.2,  Design  Engineering.  The 
cost  factor  value  of  0.80  signifies  that  the  estimated  aircraft  design-engineering  cost  for  electrical  subsystems  using  fiber-optics  technolo- 
gy would  be  only  80  percent  of  the  design-engineering  cost  using  coaxial-cable  technology.  For  some  cost  elements,  where  coaxial  costs 
are  not  applicable,  the  fiber-optics  costs  are  estimated  actual  dollar  values. 

Besides  the  Delphi  Technique  as  a forecasting  tool  to  predict  future  costs,  experience-curve  theory  was  also  used  as  a forecasting 
technique  to  estimate  the  future  cost  behavior  of  fiber-optic  components.  Experience-curve  theory  predicts  cost  reductions  for  all  cost 
elements,  including  labor,  development,  overhead,  capital,  marketing,  and  administration.  Experience-curve  theory  implies  that  present 
costs  obtained  from  industry  of  components  in  full-scale  production  can  be  expected  to  reduce  by  a fixed  percentage  of  previous  cost 
with  each  doubling  of  industry's  production  volume.  Past  costs  of  the  fiber-optic  cable,  which  constitutes  only  one  of  the  required  build- 
ing blocks  to  build  interface  systems,  indicate  that  the  experience-curve  slope  will  be  between  70  and  80  percent. 

This  means  that  future  cost  of  the  required  fiber-optic  components,  which  will  be  determined  by  the  demand  placed  on  industry, 
should  be  reduced  to  80  percent  of  the  previous  cost  as  industry's  production  volume  doubles.  Figures  3-2  and  3-3  are  current  cost- 
prediction  curves  of  two  fiber-optic  components  compared  with  those  of  coaxial-component  counterparts.  The  fiber-optic  component 
costs  are  actual  dollars,  including  inflation.  The  material  cost  factors  in  table  3-1  are  based  upon  these  estimated  cost-prediction  curves. 

3.2  "Top-Down"  Model 

The  second  mgjor  effort  undertaken  was  the  definition,  quantification,  and  evaluation  of  system  effectiveness.  In  other  words, 
the  determination  of  what  benefits  are  received  for  the  dollars  expended.  The  comparison  of  total  costs  of  each  alternative  subsystem 
meets  only  half  the  requirements  for  an  economic  analysis.  Benefits  such  as  in'proved  mean-time-between-failure  (MTBF)  and  mean- 
time-to-repair  (MTTR)  may  result  from  one  alternative  or  the  other.  Immunity  to  EMP,  EMI,  or  RFl  may  also  be  achieved  by  one  alter 
native.  Signal-bandwidth  capacity  may  be  increased,  cable  redundancy  may  be  improved,  weight  and  volume  may  be  reduced,  and  many 
more  benefits  may  be  achieved.  Each  of  these  effectiveness  parameters  must  be  quantified,  ranked,  verified,  and  revised  in  terms  of  cost 
offsets  and  levels  of  attainment.  An  advanced-concept  cost  model  estimates  costs  and  benefits  as  functions  of  design  and  weight  require- 
ments. Two  effectiveness  areas  were  pursued  for  total  cost  impact  from  the  “Top-Down"  model:  weight  and  MTBF.  In  order  to  relate 
these  effectiveness  factors  into  some  quantifiable  measures,  a direct-cost  relationship  approach  was  applied. 

3.2.1  Airframe  Plus  Subsystem  MTBF  Analysis 

Normally  MTBF  does  not  vary  without  some  equipment  modifications,  improvements,  etc.,  that  may  have  resulted  from  a weight 
or  requirement  change.  However,  to  show  the  effect  of  MTBF  alone,  an  analysis  was  performed  in  which  MTBF  was  varied  without 
considering  any  accompanying  change  in  weight. 

The  baseline  for  this  analysis  assumed  that  the  MTBF  for  the  A-7E  is  0.9  hour.  Based  upon  actual  data  for  the  period  January 
1975  through  June  1975,  the  MTBF  of  the  airframe  plus  subsystems  was  1.5639  hours.  For  purposes  of  this  study,  the  airframe  plus 
subsystems  was  defmed  as  the  total  aircraft  less  the  propulsion  and  avionics  subsystems.  The  electrical  subsystem  is  thus  part  of  the 
airframe  plus  subsystems.  The  MTBF  of  the  airframe  plus  subsystems  was  varied  from  1.550430  hours  to  1.584552  hours  corresponding 
to  a 1 5-hour  decrease  to  bOhour  increase,  respectively,  in  the  K^BF  of  each  equipment  which  is  affected  by  a weight  change.  A baseline 
MTBF  of  affected  equipment  was  arbitrarily  chosen  as  60  hours  and  is  representative  of  an  aircraft  such  as  the  A-7.  The  electrical  subsys- 
tem MTBF  is  included  in  the  baseline  airframe  plus  subsystem  MTBF  since  it  is  beyond  the  scope  of  this  effort  to  allocate  a separate 
MTBF  to  all  components  of  the  airframe  plus  fubsystems. 

Changing  the  A-7  airframe  plus  subsystems  MTBF  affects  2 fundamental  inputs  to  the  “Top-Down”  model.  The  first  is  the  total 
aircraft  MTBF;  the  second  is  the  airframe  plus  subsystems  MTBF.  All  other  MTBF's  remain  the  same. 

Figure  3-4  was  developed  by  combining  the  procurement  and  O&S  MTBF  cost  deltas.  The  baseline  cost  is  the  same  as  for  total 
LCC  sensitivity  to  weight,  or  1 1459.38  millions.  The  magnitude  of  the  cost  delta  ranges  from  plus  6.2  millions  for  a 15-hour  MTBF  to  a 
savings  of  16.3  millions  for  a 45-hour  MTBF  change. 

It  is  important  to  note  that  the  projected  cost  deltas  do  not  include  cost  increases  nor  decreases  due  to  the  RDT&E  necessary  to 
achieve  the  MTBF  change  since  this  relationship  is  unknown  and  cannot  be  established  from  data  currently  available. 

3.2.2  Weight-Impact  Analysis 

This  model  will  involve  changes  in  aircraft  size  which  will  result  from  possible  weight  savings  which  occur  when  fiber  optics  are 
used  or  the  possible  weight  increases  caused  by  increased  wire  and  airframe  shielding  required  to  meet  performance  requirements.  The 
model  will  include  cost  categories  normally  used  with  tiie  Advanced  Design  Level  (ADL)  studies  at  McAir  for  making  projected  weapon- 
system  cost  estimates 

The  electrical  subsystem  weight-analysis  phase  of  the  cost  benefit  evaluation  is  executed  by  parametrically  increasing  and  decreas- 
ing the  electrical  subsystem  weight  of  the  basic  A-7  aircraft  to  illustrate  the  effect  upon  weapon  system  costs 

The  relationship  of  RDTAE  costs  to  electrical  subsystem  weight  is  shown  in  figure  3-5.  Because  the  baseline  cost  is  so  large 
(1,016.988  millions  in  constant  1977  dollars),  the  cost  deltas  for  t50  kilograms  are  proportional  to  the  weight.  The  RDT&E  cost  delta 
is  thus,  linear  over  this  range  of  weights  The  slope  of  the  cost  delta  is  $1,716  X l(P  per  kilogram. 

The  Procurement  cost  delta  was  computed  from  the  baseline  cost  for  800  aircraft  of  4,260.198  millions  of  1977  dollars  Per- 
forming the  same  type  of  calculations  as  previously  discussed,  yields  the  results  shown  in  figure  3-6.  The  cost  delta  is  again  linear.  The 
maximum  positive  delta  is  47  millions  for  the  addition  of  50  kilograms  while  the  reduction  of  50  kilograms  results  in  a negative  delta  of 
47  millions 

It  should  be  noted  that  the  cost  delta  shown  for  procurement  includes  the  cost  delta  shown  for  Flyaway  and  that  all  the  spares 
are  included  in  procurement  costs.  The  slope  of  the  procurement  cost  delta  is  $9.6  X 10^  per  kilogram. 

The  coat  delta  associated  with  the  effect  of  electrical  subsystem  weight  upon  operating  cost  is  shown  in  Figure  3-7.  The  baseline 
operating  cost  for  675  aircraft  for  10  years  is  6,182.194  millions  in  1977  dollars.  The  cost  delta  is  piecewise  linear  and  has  a slope  of 
$6.05  X 10^  per  kilogram.  The  step  in  the  cost  delta  between  -20  and  -30  kg  it  a consequence  of  the  structure  of  the  “Top-Down" 
model.  Integer  squadron  maintenance  staffing  is  assumed,  and  realistically  to.  Thus,  at  a given  input  level,  staffing  roust  increase  or 
decrease  by  one  unit  which  is  reflected  as  a substantial  increase  or  decrease  of  cost  delta  over  the  life  cycle  of  the  aircraft. 
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Fi(ure  3-8  is  a summation  of  cost  deltas  which  shows  the  total  life-cycle  cost  delta  for  the  aircraft  due  to  electrical  subsystem 
weight  variations.  The  plot  is  piecewise  linear  and  has  a slope  of  $17.22  X 10^  per  kilogram. 

MTBF  of  total  life-cycle  cost  is  very  small  compared  to  weight.  The  relation  between  MTBF  and  life-cycle  cost  is  non-linear 
but.  by  way  of  example,  a life-cycle  cost  offset  of  $4  million  was  realized  by  either  a reduction  of  2.3  kilograms  of  electrical  subsystem 
component  weight  or  an  increase  of  20  hours  to  the  MTBF  of  the  affected  equipments.  The  aircraft  industry  believes  it  is  easier  to 
achieve  the  weight  reduction  than  it  is  to  increase  MTBF.  Thus,  this  ‘Top-Down”  model  was  based  only  upon  changes  in  aircraft  weight. 
However,  when  more  valid  data  can  be  collected  for  electro-optic  systems  MTBF,  both  weight  and  MTBF  cost  values  will  be  utilized  in 
future  electro-optic  economic  analyses. 

4 0 F.MI/EMP  TESTS 

Several  tests  were  performed  to  determine  the  electromagnetic-interference  and  pulse-induction  characteristics  of  the  fiber-optic 
data  link.  These  series  of  tests  conformed  to  the  procedures  of  MIL-STD-46 1/462  and  were  performed  both  in  the  laboratory  bendi-test 
environment  and  with  the  system  installed  on  the  aircraft.  The  tests  performed  were:  transient  (low-level,  2(XX)  amperes)  li^tning  test, 
radiated  susceptibility  testing  (simulates  aircraft  carrier  EM  environment),  and  wire  coupled  susceptibility  testing  (simulates  aircraft  EMI 
situations). 

4.)  Transient-Analysis  Testing 

The  method  currently  in  use  for  determining  the  amplitudes  and  character  of  induced  transients  on  aircraft  is  the  Transient- 
Analysis  Test.  This  test  applies  a current  pulse  (similar  to  li^tning  in  waveshape  but  much  lower  in  peak  current  amplitude)  to  the  aii- 
craft  under  test,  while  circuits  of  interest  within  the  aircraft  are  monitored  to  record  the  transients  which  are  induced  (figure  4-1 ).  When 
the  induced  transient  levels  the  aircraft  will  experience  due  to  a full-threat  lightning  strike  (200  thousand  amperes)  are  of  interest,  the 
results  obtained  at  the  lower  current  levels  (300  to  3000  amperes)  are  linearly  extrapolated  to  the  200  thousand-ampere  strike  level.  This 
test  is  non-destructive  in  that  no  damage  to  the  aircraft  avionics  generally  results  even  when  the  aircraft  is  repeatedly  subjected  to  pulses 
of  these  low  amplitudes. 

The  transient  voltages  and  currents  experienced  by  aircraft  avionics  systems  due  to  the  flow  of  lightning  currents  through  the  skin 
and  structure  of  an  aircraft  are  considered  to  be  coupled  into  the  avionics,  in  general,  by  three  different  mechanisms:  (I)  electromagnet- 
ic induction  into  the  power-supply  wiring  within  the  aircraft,  (2)  electromagnetic  induction  into  the  low-level  signal  wiring  within  the 
aircraft,  and  (3)  electromagnetic  induction  directly  into  the  device  or  subsystem  from  the  electric  and  magnetic  fields  generated  within 
the  aircraft  due  to  the  lightning  current  flowing  through  the  structure.  Little  information  is  available  to  date  on  the  relative  importance 
of  these  3 mechanisms. 

This  test  provides  a simulation  of  a natural  and  expected  environment  and  has  been  performed  in  numerous  aircraft  with  valid 
results.  However,  it  should  be  noted  that  previous  aircraft  used  all-wire  systems  and  that  energy  induced  on  existing  standard  signal  and 
power  wiring  may  mask  the  test  results  in  a hybrid  (wire  and  fiber)  configuration. 

4.2  Radiated  Susceptibility  Testing 

The  fiber-optic  data  link  was  exposed  to  radiation  at  several  discrete  frequencies  from  I S kHz  to  1 0 GHz  as  shown  in  figure  4-2. 
RF  field  strength  measurements  of  the  radiation  incident  on  the  link  were  made  for  several  frequencies  in  order  to  relate  test  levels  to  the 
carrier  environment.  Transients  induced  in  the  conventional  wiring  and  performance  factors  in  the  fibei-optic  link  were  measured  by 
interference  analyzers  which  were  located  in  a shielded  enclosure  away  from  the  test  area. 

Radiated  susceptibility  testing  is  a low-risk,  inexpensive  method  of  simulating  an  aircraft  carrier  electromagnetic  environment. 

4.3  Wire-Coupled  Susceptibility  Testing 

This  test  was  performed  by  applying  a noise  signal  to  a test  wire  which  was  taped  adjacent  to  the  fiber-optic  and  conventional- 
wire  bundles.  The  system  was  then  operated  in  the  most  susceptible  mode  and  performance  was  observed  for  degradation  while  the 
amplitude  and  modulation  of  the  noise  signal  were  varied.  The  noise  signal  was  generated  using  a transient  generator  as  shown  in  figure 
4-3  with  variable  pulse  rate  and  amplitude.  Forty-five,  100,  and  200  volt  spikes  were  induced  on  the  test  wire  to  determine  evidence  of 
degraded  system  operation. 

5.0  EMI/EMP  TEST  RESULTS 

In  a benign  EMI  and  lightning  environment,  the  multiplexed  fiberoptic  system  possessed  the  same  accuracy  as  the  non- 
multiplexed  wire  system.  In  an  EMI  or  lightning  environment,  the  multiplexed  fiber-optic  system  was  superior  to  the  non-multiplexed 
wire  system.  The  majority  of  the  induced  transients  were  found  to  be  introduced  on  the  signal  wires  and  not  on  power  wires  or  box 
couplings.  This  indicates  that  fiber  optics  will  solve  many  EMI/EMP  problems. 

5.1  Transient  Analysis  Test  Results 

These  tests  simulated  a lightning-strike  test  as  perlormed  by  the  Flight  Dynamics  Laboratory,  Wright-Patterson  Air  Force  Base. 
These  tests  were  conducted  at  NATC,  Patuxent  River.  Various  test  points  in  the  NWDS  computer  were  monitored  while  the  aircraft  was 
exposed  to  the  simulated  lightning  strike.  In  the  fiber-optic  configuration,  the  induced  voltages  within  the  computer  when  exposed  to  a 
simulated  lightning  strike,  were  85-to-90  percent  less  than  the  induced  voltages  in  the  wire  configuration.  Thus,  the  fiber-optic  configura- 
tion would  be  much  less  susceptible  to  damage  if  the  aircraft  were  to  be  struck  by  lightning.  This  is  even  more  significant  considering 
that  the  A-7  aircraft  sigiul  wiring  is  all  double-shielded  wire.  Since  a lightning  strike  is  very  similar  to  an  electromagnetic  pulse  (EMP)  in 
its  induced  effects  on  avionics,  the  same  results  could  be  carried  over  to  EMP  susceptibility. 

5.2  Radiated  Emiaaion/Susceptibility  Test  Results 

Radiated  emissions  in  the  frequency  range  of  14  kHz  to  50  MHz  were  far  below  the  limits  of  MIL-STD461A.  Except  fora  na^ 
rowband  signal  at  about  1 18  MHz  and  one  at  about  210  MHz,  no  signal  was  recorded  which  was  above  the  receiver  ambient  noise  level. 
Even  these  signals  appeared  to  be  transient  in  nature  and  could  not  be  repeated. 
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No  malfunctions  of  thr  data  link  occurred  when  it  was  subjected  to  the  following  electric  fields: 

14  kHz  to  35  MHz  10  V/m 

35  MHz  to  I GHz  5 V/m 

I GHz  to  10  GHz  5 V/m 

The  results  of  these  laboratory  bench  tests  indicate  that  the  fiber-optic  cable  and  its  coupling  devices  for  attachment  to  the  elec- 
tronics units  do  not  emit  significant  radiation  in  the  specified  frequency  range. 

In  addition,  the  operation  of  the  fiber-optic  data  link  was  not  affected  when  exposed  to  the  specified  electric  fields. 

5.3  Wire-Coupled  Susceptibility  Test  Results 

The  first  of  these  tests  were  performed  at  LTV  with  the  ALOFT  hardware  operating  with  the  A-7  simulator.  These  tests  meas- 
ured the  bit-error  rates  of  the  NWOS  double-shielded  wire  interface  and  the  NWDS  fiber-optic  interface  when  exposed  to  EMI.  The  bit- 
error rate  for  the  multiplexed  fiber-optic  interface  was  500  times  lower  than  the  bit-error  rate  for  the  non-multiplexed  wire  interface 
when  exposed  to  the  same  EMI  levels.  The  bit-error  rates  are  shown  in  table  S-l. 

The  second  series  of  these  tests  consisted  of  quantitative  tests  performed  at  McDonnell  Aircraft  Company.  China  Lake,  Califor- 
nia. The  HUD  (Heads-Up  Display)  and  PMDS  (Prpjected-Map  Display  System)  were  monitored  for  picture  quality  while  the  systems 
onboard  the  aircraft  were  exposed  to  EMI.  No  interference  with  the  displays  could  be  observed  when  the  fiber-optic  cables  were  exposed 
to  EMI.  The  display  quality  was  severely  degraded  when  the  single-shielded  wire  was  exposed  to  EMI.  It  was  found,  however,  that  a 
massive  increase  in  the  bit-error  rate  is  required  to  produce  a noticeable  decrease  in  the  quality  of  the  displays. 


TABLE  5-1.  SUMMARY  OF  BIT  ERROR  RATE  TEST  RESULTS.* 


Data  Transmission 
Time  Interval 
(minutes) 

Data  Transmitted 
(Number  of  Bits) 

Errors  Induced 
(Number 
of  Errors) 

Bit-Error  Rate 
(Errors/Bit) 

Fiber  optics  exposed  to  EMI 

20 

2.6  X lo'^ 

0 

•<3.9  X 10“* 

Wire  exposed  to  EMI 

1.67 

2.1  X 10* 

42 

2.0  X 10'5 

No  EMI  exposure 

52 

1 

6.7  X lo’ 

0 

< 1.5  X 10*® 

*Test  levels  from  RS02,  MIL-STD  461/462  were  20  amperes,  100  volts,  and  10  pulses  per  second. 


6.0  ECONOMIC  ANALYSIS  RESULTS 

The  results  indicate,  in  the  comparison  between  conventional-wire  systems  and  fibe^optic  systems,  fiber-optics  technology  clear- 
ly provides  substantial  future  benefits  of  reduced  system  weight,  survivability,  improved  reliability,  increased  data  transmission,  and  ease 
of  maintenance  at  reduced  life-cycle  costs  while  meeting  or  exceeding  the  future  requirements  of  EMI  and  EMP. 

The  results  of  the  economic  analysis  are  summarized  by  system  configuration,  electromagnetic  environment,  and  wire-fiber  inter- 
connects. These  results,  of  course,  must  be  bounded  since  they  ate  constrained  by  the  basic  assumptions  of  the  program.  The  major 
assumptions  were: 

’ All  costs  are  assumed  to  be  applicable  to  a new  program,  not  to  a retrofit  program  since  all  the  alternative  configurations  are 
new  design  subsystems  for  the  A-7; 

• Cost  elements  will  be  developed  only  where  differences  between  conventional  wire  and  fiber-optic  costs  occur  for  the 
“BottomVUp”  approach;  and 

’ Fiber  optics  presents  no  serious  development,  reliability,  nor  production  problems  and  the  fiber-optic  components  are  environ- 
mentally qualified  with  life  expectancy  equal  to  tluit  of  comparable  conventional  wire  components. 

For  the  coaxial  TSP,  and  fiber  optics,  actual  costs  are  used  wherever  possible.  Specifically,  costs  of  materials  were  requested 
from  several  sources  although  they  were  not  always  received.  Where  actual  data  were  unavailable,  engitieering  judgment  was  exercised. 

Tlie  cost  data  resulting  from  exercising  the  “Top-Down”  and  “Bottoma-Up”  life-cycle  cost  models  applicable  to  the  A-7  aircraft 
have  shown  that  fiber  optics  is  an  attractive  alternative  to  conventional  wire  data-transfer  systems  in  most  cases  and  especially  when  the 
EMI  environment  places  severe  demands  on  the  amount  of  protection  required. 

For  the  A-7  ALOFT  configuration,  the  cost  results  conclude  that  fiber  optics  is  the  best  choice  followed  by  TSP  and  then  coaxial 
in  all  EMI  environments  except  the  one  caae  where  the  “Top-Down”  results  indicate  the  positions  of  TSP  and  coax  are  reversed  for  the 
1 00  volt/metre  (baaeline)  environment.  The  total  LCC  of  TSP  and  fiber  optics  applied  to  the  A-7  ALOFT  configuration  ate  similar. 

Such  a result  is  highly  encouraging  in  that  fiber  optics  must  necessarily  carry  the  burden  of  large  RDT&E  costs  plus  nonrecurring  invest- 
ment maintenance  and  imtructor  training  costs.  Assuming  reliability  objectives  for  fiber  optics  can  be  realized,  this  investigation  con- 
cludes that  recurring  investment  and  operating  and  support  costs  for  TSP  ate  greater  than  those  for  fiber  optics.  For  the  completely 
multiplexed  A-7  aircraft  configuration,  fiber  optics  is  the  only  system  to  show  a cost  savinp  over  the  baseline  system  in  all  categories  of 
environfflent  (eg,  in  the  most  severe  environment  (EMP)  a TSP  system  costs  more  than  the  baseline  system).  The  weight  savings  due  to 
multiplexing  translate  into  a significant  cost  pay  off.  Savings  ate  realized  both  by  lower  total  equipment  costs  and  larger  weight  uvings. 
For  the  100  point-to-point  data-link  caae,  the  use  of  fiber  optics  does  not  appear  to  be  justified  for  any  environmental  situation,  princi- 
pally due  to  the  large  amount  of  conversion  components.  (>nly  if  a situation  exists  where  an  aircraft  system  will  not  fimetion  unless  a 
selected  number  of  fiber  optic  transmission  lines  are  employed  in  critical  areas  can  the  unmultiplexed  point-to-point  technique  be  eco- 
nomically justified. 

SimUarly,  the  coat  data  resulting  from  exercising  the  top  down  and  bottoms  up  life  cycle  coat  models  applicable  to  the  advanced 
A-7  (data  bus)  aircraft  have  shown  that  fiber  optics  is  an  attractive  alternate  to  conventional  wire  data  transfer.  For  the  baseline  system 
in  the  100  volt/mctre  environment,  a 2S-peroent  savings  in  LCC  is  realized  using  fiber  optics  for  data  transfer  instead  of  conventianal 
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wim.  Abo,  the  LCT  increases  as  the  environment  becomes  more  severe  for  both  the  conventional  wire  and  fiber-optic  configurations, 
but  the  increases  ate  significantly  larger  for  conventional  wire.  There  is  no  linear  relation  between  weight  increases  and  LCY'  increases. 
These  results  are  summarized  in  table  6-1.  Tables  6-2  through  6-7  provide  the  total  cost/benefit  estimates  for  the  basic  A-7  NWDS  and 
the  complete  A-7  Data-Bus  configurations. 


TABLK  6-1.  SUMMARY  LCC  RESULTS  FOR  A-7  ALTERNATIVE  CONFIGURATIONS. 


A-7  Alternative  Electrical  Subsystem  Configurations 

N/WDS 

Complete 

Mission 

Critical 

Point -to-Point 

Data  Bus 

Alternative  Electromagnetic  Environments  (volts  per  metre) 

100  200+  SOK 

100 

200+ 

SOK 

SOK 

100 

200+ 

SOK 

100 

200+ 

SOK 

ALTERNATIVE  WIRE/FIBER  INTERCXJNNECTS 

Baseline 

or 

Copper 

Wire 

(unmux) 

A Bottoms  Up 

not 

applicable 

not 

applicable 

A Top  Down 

Wi^y 

A Total  LCC 

« 

« 

1 

A Bottoms  Up 

Wi. 

A Top  Down 

A Total  LCC 

i 

Twbted- 

Shielded 

Pair 

(mux) 

A Bottoms  Up 

1 

* 

• ••••%%%%* 

not 

applicable 

A Top  Down 

A Total  LCC 

Iv! 

Coax 

(mux) 

A Bottoms  Up 

1 

not 

applicable 

not 

applicable 

not 

applicable 

A Top  Down 

not 

applicable 

A Total  LCC 

ii 

lowest  life-cycle  cost  second  lowest  life-cycle  cost  RSSI  highest  life-cycle  cost 

based  on  a production  of  800  aircraft  and  assumed  67S  operationally  ready. 


TABLE  6-2.  A-7  A NWDS  COST/BENEFIT  EVALUATION  FOR  A 100  VOLT/METER  EMI  ENVIRONMENT. 

(Constant  1977  dollars,  millions) 


Pessimistic 

Fiber  Optics 

Most  Likely 

Optimbtic 

Coaxial 

TSP 

RDTAE 

S 1.07 

$032 

$0.17 

$0.09 

Investment  (Nonrecurring) 

0.S2 

0.46 

0.40 

0.66 

Investment  (Recurring) 

0.52 

0.46 

0.40 

0.76 

Operation  A Support 

0.14 

0.13 

0.12 

0.45 

0.88 

Total  Life  Cycle  Cost 
(Current  1977  Dollars) 

$2.25 

$ 1.37 

$ 1.09 

$ 1.96 

$3.43 

'based  on  a new  production  of  800  aircraft  and  assumed  67S  operationally  ready. 


TABLE  6-3.  A-7*  NWDS  COST/BENEFIT  EVALUATION  FOR  AIRCRAFT  CARRIER  EMI  REQUIREMENTS  (IN  MILLIONS). 


Fiber  Optics 

COAXATRIAX 

TSP/TDS 

ROTAE 

$0.32 

$ 0.93 

$0.47 

Investment 

0.92 

6.90 

3.79 

OAS 

0.73 

3.58 

I.8S 

Total  (1977  Dollars) 

1 

137 

11.41 

6.II 

I 

i 

t 

f 


'based  on  a production  of  800  aircraft  and  assumed  67S  operationally  ready. 
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TABLE  6-4.  A-7*  NWDSCOST/BENEETT  EVALUATION  FOR  A TACTICAL  EMP  ENVIRONMENT  (IN  MILLIONS). 


Fiber  Optics 

COAX/TRIAX 

TSP/Double  Shield 

RDTAE 

S0.32 

$ 1.05 

5 0.61 

Investment 

0.92 

7.82 

4.56 

OAS 

0.13 

4.02 

2.29 

Total  ( 1 977  Dollars) 

1.37 

12.89 

7.46 

'based  on  a production  800  aircraft  and  assumed  675  operationally  ready. 


TABLE  6-5.  A-7  DATA  BUS  COST/BENEFIT  EVALUATION  FOR  100  V/M  EMI  REQUIREMENTS. 


Cost  Elements 
(1977  dolUrs,  Millions) 

FiberOptics 

Twist  ed- 
Shielded-Pair 

RDTAE 

$ 4.7 

$ 5.4 

Investment 

115.0 

170.4 

OAS 

21.0 

32.7 

Total 

$ 140.7 

$208.5 

TABLE  6-6.  A-7  DATA  BUS  COST/BENEFIT  EVALUATION  FOR  AIRCRAFT  CARRIER  EMI  REQUIREMENTS. 


Cost  Elements 
(1977  dollars.  Millions) 

FiberOptics 

Twist  ed- 
Shielded-Pair 

RDTAE 

$ 6.0 

S 12.8 

Investment 

114.9 

243.4 

OAS 

21.0 

57.9 

Total 

$ 141.9 

$314.1 

TABLE  6-7.  A-7  DATA  BUS  COST/BENEFIT  EVALUATION  FOR  A TACTICAL  EMP  ENVIRONMENT 


Cost  Elements 
(1977  dollars.  Millions) 

FiberOptics 

Twisted- 

Shielded-Pair 

RDTAE 

$ 6.0 

$ 18.6 

Investment 

120.4 

178.2 

OAS 

21.7 

72.8 

Total 

$ 148.1 

$ 269.6 
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NUMBER  OF  WIRES/CABLES 
TOTAL  LENGTH 

TOTAL  CABLES  & CONNECTORS  WEIGHT 
TOTAL  CABLES  & CONNECTORS  COST 
TERMINATION  & TEST  COST 

TOTAL  COST 


FIBER  OPTICS 
(MULTIPLEXED) 

13 

224  FT  (68.27  M) 
2.7  LB  (1.2  KG) 
$0.79K 
$0.24K 

$1.03K 


2-1.  Side-by-tide  compafiton,  fibei-optic  and  electrical  cablet. 


.1 


i 


ORIGINAL  WIRE 
302 

1890  FT  (576.07  M) 
31.9  LB  (14.45  KG) 
$0.35K 
$1.28K 

$1.63K 
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OF  THE  DATA 
TRANSMISSION  LINK 
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THE  INCORPORATION 
OF  THE  DATA  TRANS 
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THE  A-7E 


ALCC  OF  THE  DATA 
TRANSMISSION  LINK 


SUBSYSTEM 
LCC  MODEL 


DETAILED  DATA 
TRANSMISSION  LINK 
FACTORS/COSTS 


for  electriol  subsyitem  weicht  sensitivity.  Figure  3-6.  Procurement 
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Device  and  Systen  Concepts  for  Multimode  Single  Fiber  Optical  Data  Links 
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Sperry  Research  Center,  Sudbury,  Massachusetts  01776 


H.  Wichansky 

U.  S.  Army  Electronics  Command,  Fort  Monmouth,  New  Jersey  07703 


SUMMARY 

The  principle  of  internal  reflectance  at  grazing  incidence  is  being  used  to  create  devices  for 
controlling  guided  multimode  light  by  electro-optic  means.  The  feasibility  of  multiple  switching  has 
been  demonstrated  through  the  construction  and  evaluation  of  a variety  of  devices  including  modulators, 
couplers  and  multiplexers.  Such  devices  add  impetus  to  the  growth  of  the  multimode  single  fiber  tech- 
nology by  presenting  new  opportunities  for  system  design. 

1.  IimODUCTION 

Much  of  the  research  and  development  in  the  field  of  optical  communication  has  traditionally 
been  divided  into  two  distinct  technologies,  fiber  bundle  links  and  integrated  optics.  The  advantage 
of  the  former  lies  in  its  immediate  practicality;  the  advantage  of  the  latter  lies  in  its  greater  band- 
width over  long  distances. 

While  the  fiber  bundle  technology  has  often  been  used  to  demonstrate  the  feasibility  and  bene- 
fits of  simple  point-to-point  communications  systems,  it  has  numerous  disadvantage  for  multi-terminal 
applications.  The  principal  disadvantage  is  the  packing  fraction  tosses  that  occur  at  all  passive 
interconnect  points.  The  effects  of  such  losses  can  be  minimized  by  employing  Star  Couplers  (HUDSON, 

M.  C.,  1974)  but  only  at  the  expense  of  increased  cable  usage.  Attendant  disadvantages  include  poten- 
tially higher  costs  for  cable  and  passive  interconnect  devices  and  the  inability  to  redirect  optical 
signals  electrically  except  through  mechanical  or  cost-prohibitive  means. 

Conversely  one  may  cite  the  disadvantages  associated  with  the  single  mode  technology.  It  is, 
of  course,  recognized  that  the  tremendous  amount  of  research  in  the  development  of  integrated  optics  has 
produced  significant  progress  both  in  device  conceptualization  and  implementation.  However  the  problems 
relating  to  the  implementation  of  this  technology  to  fiber  optic  systems  are  severe  and  largely  unsolved. 
The  principal  problem  is  the  difficulty  of  coupling  and  splicing,  not  solved  after  a decade  of  research 
on  integrated  optics.  Additional,  but  less  severe  problems  are  fragility,  lack  of  redundancy,  and 
incompatibility  with  long-lived  Inexpensive  LED  sources. 

Because  of  the  difficulties  associated  with  single  mode  and  multifiber  bundles,  an  intermediate 
technology  has  emerged  — multimode  single  fiber  links.  Study  programs  have  been  undertaken  at  both 
USAECOM  and  at  the  Sperry  Research  Center  to  clarify  the  comparntive  merits  of  the  three  technologies. 

A systems  analysis  performed  at  USAECOM  has  indicated  clearly  the  benefits  to  be  derived  from  the  multi- 
mode  single  fiber  approach  — lower  cable  costs,  relative  ease  of  splicing  and  interfacing,  simpler 
passive  interconnect  structures,  and  compatibility  with  LED  as  well  as  laser  sources  (DWDRKIN,  L.,  1975; 
WICHANSKY,  H.,  1976).  Simultaneous  analyses  carried  out  at  the  Sperry  Research  Center  first  used  thermo- 
dynamic arguments  to  demonstrate  that  one  cannot  usefully  mix  single  and  multimode  components  in  the 
same  link  without  incurring  overwhelming  losses  (McMAHON,  D.  H.,  1975).  Subsequent  studies  showed  that 
transformer  coupler  such  as  the  taper  ease  positional  alignment  only  at  the  expense  of  more  ciritical 
angular  alignment  (NELSON,  A.  R.,  1975).  It  now  appears  that  the  multimode  single  fiber  technology  can 
be  applied  to  a majority  of  envisioned  military  situations  and  that  it  offers  an  optimum  mix  of  benefits 
for  multi-terminal  links.  Fabrication  of  passive  interconnects  is  simplified  and  packing  fraction  losses 
eliminated.  LED  sources  already  exist  capable  of  coupling  more  than  300  pW  of  optical  power  into  75-pm 
single  fiber  channels.  Moreover  many  applications  neither  need  GHz  bandwidths  nor  require  communication 
over  very  long  distances. 

Additional  benefits  would  however  accrue  to  the  multimode  single  fiber  technology  if  concepts 
existed  for  controlling  the  routing  of  optical  signals  electrically.  One  could  then  gain  many  of  the 
advantages  of  integrated  optics  while  avoiding  the  difficulty  of  coupling  single  mode  fibers. 


2.  MULTIMODE  ELECTRO-OPTIC  GUIDING  CONCEPTS 


A suitable  technique  for  creating  active  optical  switching  devices  has  been  found  at  Sperry. 
This  technique  uses  the  quadratic  behavior  of  Snell's  law  for  light  incident  at  grazing  angles  onto 
boundaries  containing  small  refractive  index  discontinuities  to  cause  electrically  controllable  amounts 
of  refraction  or  reflection.  Using  Snell's  law  in  the  small  angle  approximation,  the  critical  angle  for 
Internal  reflection  8^  can  be  expressed  in  terms  of  the  index  of  the  medium  n and  the  index  change  6n 
across  the  boundary  as  0^^  = 26n/n.  The  Importance  of  this  quadratic  behavior  is  readily  apparent. 
Namely,  fractional  index  changes  of  10"^  suffice  to  produce  a critical  angle  of  l.T**  and  hence  enable 
one  to  reflect  or  to  pass  any  beam  having  an  angular  divergence  of  less  than  this  amount.  The  utility 
of  the  above  observation  stems  from  the  fact  that  index  changes  of  10~^  can  be  produced  electro- 

optlcally  in  a variety  of  materials,  e.g.,  Sr,  Ha  Nb-O,,  KTa  Nb,  0.,  Ra-NaNb-O,.,  Ll’tWO-  and  LiM)0,. 

1 ■•X  X O X 1 “X  u 6 5 ID  o O 


Of  these  materials,  LlNbOo  (LN)  and  LlTa03  (LT)  appear  most  practical  at  the  present  time. 

The  crystal  growth  art  for  LN  and  LT  has  become  highly  refined  in  recent  years.  Large  boules  12  cm 
long  and  5 cm  in  diameter  with  excellent  optical  quality  and  high  resistivity  are  now  grown  routinely 
and  are  conaerrially  available  at  costs  of  $9/cm^.  These  materials  can  be  polished  without  introducing 
significant  work  strain,  have  a high  Fockel's  coefficient,  a low  loss  tangent,  are  reistant  to  optical 
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damage,  and  are  stable  against  depollng  over  the  entire  military  temperature  range. 

Given  the  materials  LN  and  LT  to  work  with,  how  does  one  proceed  to  build  practical  devices? 

The  principal  design  criterion,  high  input  and  output  coupling  efficiencies  between  fibers  and  electro- 
optic material,  can  be  met  by  choosing  the  thickness  of  the  electro-optic  medium  to  be  approximately 
equal  to  the  core  diameter  of  the  fibers.  The  simplest  type  of  electro-optic  multimode  device  that  one 
may  construct  consists  of  a single  electro-optic  channel.  Such  a device  is  shown  in  Fig.  1.  This 
structure  differs  from  that  of  Channin  (CHANNIN,  D.,  1971)  and  Campbell  et  al.  (CAMPBOX,  J.  C.,  1975)  in 
that  the  upper  and  lower  surfacesof  the  crystal  are  used  both  to  confine  the  injected  light  to  the 
crystalline  layer,  and  to  create  perpendicular  electric  fields  through  the  entire  thickness  of  the  crystal. 

Although  it  is  readily  apparent  that  the  high  index  of  LN  or  LT  (~  2.2  for  both  e and  o rays) 
suffices  to  confine  a highly  divergent  light  beam  to  the  crystal,  such  highly  divergent  light  beams 
cannot  be  readily  controlled  in  the  plane  of  the  crystal  by  electro-optic  means.  Using  the  structure 
shown  in  Fig.  1,  an  excitation  of  400  volts  across  a 75  Mn  thick  crystal  produces  a 10'^  change  in  index. 

As  noted  above,  this  change  is  only  sufficient  to  guide  light  that  diverges  by  =1.7°  in  LT  or  LN  or, 
because  of  the  index  change  oetween  crystal  and  air,  about  ±3.0°  in  air. 

A potential  problem  then  arises  due  to  the  fact  that  voltages  much  in  excess  of  400  must  be 
avoided  in  order  to  prevent  breakdown  through  the  crystal  and  the  fact  that  most  multimode  fibers  have 
divergence  angles  appreciably  greater  than  ±4°  in  air.  A very  simple  technique  has  been  developed  at 
Sperry  for  simultaneously  collimating  the  light  while  butt  coupling  the  light  to  the  electro-optic 
crystal,  thereby  eliminating  the  need  for  external  lenses.  This  collimation  technique.  Illustrated  in 
Fig.  2,  allows  the  ±7.5°  to  ±15°  emission  angle  of  multimode  fibers  to  be  controlled  electro-optically 
in  LT  or  LN  without  exceeding  the  crystalline  breakdown  voltage. 

In  Fig.  2(a),  divergent  light  is  incident  at  angle  6 from  glass  through  nir  onto  a crystal 
having  an  index  greater  than  glass.  Snell's  law  indicates  that  rays  incident  at  larger  angles  are  bent  to 
a greater  degree  than  rays  incident  at  more  normal  angles.  Figure  2(b)  shows  a natural  extension  of  this 
idea  where  the  intermediate  air  region  has  been  eliminated  by  cutting  the  fiber  end  at  an  angle  and 
directly  butting  the  fiber  to  the  crystal.  One  can  readily  show  for  a glass>4.T  (or  LN)  interface  that 
fibers  terminating  at  angles  of  69°,  76°  and  79°  yield  collimation  factors  of  2,  3 and  4,  respectively, 

3,  DEVICE  APPLICATIONS 

By  controlling  the  effectiveness  of  the  electro-optic  channel,  one  can  construct  the  two  port 
modulator  shown  in  Fig.  3.  This  device  uses  a 75  i^m  thick  c-cut  wafer  of  LT  1.5  cm  long  with  Cr/Al 
stripe  electrodes.  Such  a modulator  was  fabricated  at  Sperry  (NELSON,  A.  R.,  1976).  The  modulator 
yielded  the  response  curve  shown  in  Fig.  4.  Although  the  insertion  loss  from  a Corning  fiber  is  rela- 
tively large  due  to  the  use  of  normal-incidence  butt  coupling,  50%  and  25%  modulation  depths  were  Induced 
with  15  V and  5 V ac  rms,  respectively.  The  rise  time  of  this  modulator  was  measured  to  be  less  than  3 ns. 

Additional  improvements  in  the  design  of  modulators  of  this  type  were  recently  obtained  at 
Sperry  (NQ.SON,  A.  R.,  1976)  using  the  double  stripe-electrode  geometry  shown  in  Fig.  5 and  2:1  collima- 
tion via  non-normal  Incidence  butt  coupling.  Results  for  both  TH  polarized  and  unpolarized  light  are 
summarized  in  Table  I.  Although  significant  improvements  are  demonstrated  in  Table  I,  additional 
improvements,  especially  in  throughput  loss,  appear  possible. 

The  next  device  fabricated  at  Sperry  was  the  electrically  controlled  directional  coupler  (SOREF, 
A.  R.,  1976)  shown  in  Fig.  6.  In  this  case  a 54  thick  c-cut  plate  of  single  crystal  LN  was  used.  The 
branch  angle  lies  at  1°  angle  with  respect  to  the  sain  channel  and  has  a width  that  tapers  to  zero  in  the 
interaction  region.  The  gap  between  the  branch  and  amin  channels  was  75  urn  and  the  total  crystal  length 
1.7  cm.  The  switch  was  designed  to  work  with  a light  beam  having  an  angular  divergence  of  ±2°  in  the 
crystal  (i.e.,  ±4°  in  sir)  for  which  case  the  1°  branch  geometry  creates  an  active  3 dB  coupler.  LN 

was  chosen  because  the  dielectric  anisotropy  enlarges  the  lateral  spread  of  the  fringing  fields  into  the 

interelectrode  region  of  the  crystal . 

If  electrical  excitation  is  applied  only  to  the  amin  channel,  the  lower  index  of  the  crystal 
in  the  inter electrode  gap  acts  as  a barrier  that  reflects  light  incident  on  this  wall  back  toward  the 
main  channel  axis.  If  both  blanch  and  main  channel  electrodes  are  excited,  the  barrier  is  removed  and 

the  switch  acts  as  a 3 dB  directional  coupler.  The  response  of  the  coupler  is  shown  in  Fig.  7 for 

intermediate  voltages  applied  to  the  branch  channel.  With  this  coupler  the  achromatic  nature  of  the 
electro-optic  barriers  was  verified  by  using  white  light  excitation  from  an  incandescent  source. 

A sure  recent  project  being  carried  out  at  Sperry  under  USAECOM  sponsorship  is  the  construction 
of  an  optical  data  link  using  optical  siultiplexers  to  achieve  time  division  multiplexing.  Figure  B shows 
a block  diagram  of  half  of  a bidirectional  multiplexed  data  link.  Manchester  coded,  32  Kbit/s  asynchro- 
nous light  signals  of  the  same  wavelength,  originating  at  any  oneof  12  LEO  (or  laser)  sources  are  coupled 
to  the  multiplexer  via  optical  fibers  having  core  diameters  of  75  Mn  and  numerical  apertures  of  ,2  to  .3, 
All  12  signals  are  multiplexed  onto  3 single  fibers  of  the  same  type,  are  transmitted  a distance  of  up 
to  several  kilometers,  and  are  subsequently  demultiplexed  back  into  the  12  conqionent  signals.  Aside  from 
the  LEDs  and  photodetectors,  and  optical  synchronization  signals,  multiplexer  and  deaniltiplexer  ends  of 
the  link  are  identical. 

Sperry’s  implementation  of  this  multiplexed  link  makes  use  of  three  4:1  optical  multiplexers 
of  the  type  illustrated  in  Fig.  9 at  each  end  of  the  link  for  transmission  of  light  in  one  direction. 

As  shown  in  Fig.  9,  each  individual  4:1  multiplexer  is  fabricated  from  a ,50  to  75  :im  thick  c-axis 
oriented  crystal  of  LT  and  Includes  electrodes  on  top  and  bottom  surfaces  to  create  a main  channel,  four 
branch  channels,  and  four  gates  to  couple  branch  channels  tc  the  main  channel.  Here.as  in  Fig.  5, 
channels  are  created  by  guiding  light  between  two  lower  index  stripe  barriers  created  electro-optically. 
fhe  two-stripe  barrier  approach  was  adopted  because  1)  optical  absorption  at  metal-crystal  interfaces  is 
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eliminated,  2)  the  possibility  of  optical  damage  is  reduced  by  propagating  light  in  the  low  field  regions, 

3)  crosstalk  is  reduced  because  light  traveling  outside  a guide  is  prevented  from  entering  the  guide  and 

4)  more  ideal  3 dB  coupler  action  is  expected  because  no  decrease  in  index  occurs  under  the  gate  elec- 
trodes when  the  inhibit  voltage  is  removed. 

Demultiplexer  action  results  by  sequentially  removing  the  inhibit  voltage  one  at  a time  from 
the  four  gate  electrodes  thereby  producing  a Junction  that  permits  approximately  one-half  of  the  light 
to  propagate  down  the  corresponding  branch  channel.  The  reciprocity  theorem  guarantees  that  the  demul- 
tiplexer will  work  equally  well  as  a multiplexer  for  light  traveling  in  the  reverse  direction. 

The  multiplexer  was  designed  for  use  with  available  multimode  fibers  having  core  diameters 
from  SO  M to  75  urn  and  numerical  apertures  from  .2  to  .3.  Non-normal  incidence  butt  coupling,  not 
shown  explicitly  in  Fig.  9,  was  used  to  achieve  a 4:1  collimation  factor  and  compatibility  with  these 
fibers.  The  angularly  terminated  fiber  increases  the  width  of  the  channels  to  355  urn  in  the  plane  of 
the  crystal.  A branch  angle  of  1**  was  selected  to  yield  3 dB  switching  action  with  an  excitation  of 
400  volts.  From  geometric  considerations,  one  can  calculate  that  the  length  of  the  multiplexer  must  be 
4.5  cm  and  the  width  .25  cm.  Clearly  three  4:1  multiplexers  can  be  fabricated  on  a single  crystal  wafer 
to  achieve  12:3  multiplexing  action. 

The  performance  of  one  4:1  optical  multiplexer  design  fabricated  at  Sperry  is  shown  in  Fig.  10. 

A length  of  fiber  (.2  NA,  55  urn  diameter)  with  angular  termination  was  directly  butt  coupled  to  the  main 
channel  input  of  the  multiplexer.  All  modes  of  the  fiber  were  equally  excited  by  illumination  with  a 
He-Ne  laser  and  lens  arrangement.  A similar  fiber  was  butt  coupled  to  the  output  surface  and  was  moved 
along  the  output  surface  to  obtain  the  results  shown  in  Fig.  10.  The  figure  shows  that  the  input  inser- 
tion loss  for  light  traveling  along  the  main  channel  is  B dB,  that  the  total  insertion  loss  through  any 
one  of  the  branch  channels  is  15  dB,  and  the  signal  to  crosstalk  ratio  is  10  dB. 

4.  SYSTEM  CONSIDERATIONS 

Because  of  excessive  weight,  bulk,  electromagnetic  interference  and  bandwidth  limitations  of 
metallic  wire  cables,  investigations  have  b^n  under  way  at  USABCOM  for  five  years  to  assess  the  suita- 
bility of  optic  cable  for  current  and  future  Army  telecommunication  systems.  Although  initial  emphasis 
was  on  replacing  cables  on  a point-to-point  basis,  recent  efforts  have  centered  not  only  on  the  trans- 
mission aspects  but  also  on  the  electronic  functions  performed  in  a multi-terminal  communications  environ- 
ment. Specifically,  an  assessment  of  technologies  available  for  signal  routing  and  signal  processing 
was  sought.  If  functions  such  as  switching,  multiplexing,  signal  addressing,  and  signal  coupling  could 
be  performed  optically,  costs  savings  might  result  as  well  as  increases  in  system  reliability. 

Recognizing  the  practicality  of  present  multimode  optical  links,  in  particular  the  compatibi- 
lity with  reliable  and  low  cost  LED  sources,  the  relative  ease  of  coupling  and  splicing,  the  ability  to 
fabricate  low  loss  and  low  cost  passive  interconnect  components,  and  recognizing  the  incompatibility  of 
the  multimode  technology  with  integrated  optics,  the  need  for  creating  multimode  switching  devices 
became  apparent. 

The  optical  functions  required  in  military  telecommunication  systems  have  already  been  enu- 
merated in  some  detail  (WICHANSKY,  H.,  1976).  The  broadest  division  involves  splitting  optical  link 
interconnect  components  into  two  groups:  passive  interconnects  and  electrically  controllable  inter- 
connects. Additional  classifications  result  by  considering  the  relative  power  transferred  (i.e., 
coupler  vs  power  divider)  at  a signal  routing  intersection.  As  one  illustration  of  the  merits  of  active 
vs  passive  coupling  let  us  consider  a 1 :N  optical  power  splitter  which,  used  in  reverse,  becomes  a N:1 
optical  combiner.  Since  one  recognizes  that  at  least  an  N-fold  optical  power  division  must  occur  in  a 
1 :N  coupler,  any  active  switching  structure  that  routes  more  than  1/N  of  the  light  power  toward  a selected 
receiver  represents  an  improvement  over  passive  coupling.  Conversely,  optical  reciprocity  guarantees 
that  at  best  only  1/Nth  of  the  power  entering  a N:1  combiner  will  propagate  down  the  output  channel. 
Optical  reciprocity  also  then  guarantees  that  a useful  1 :N  switch  offers  identical  advantages  as  a N:1 
combiner. 

There  are  significant  reasons  for  specifically  addressing  the  design  of  an  optical  multiplexer. 
First,  the  construction  of  a multiplexer  demonstrates  the  feasibility  of  multimode  switching.  Second, 
the  construction  of  a time  division  multiplexed  link  using  optical  multiplexers  enables  one  to  make  an 
assessment  of  this  approach  relative  to  alternative,  better  established  technologies  such  as  electrical 
or  surface  acoustic  wave  multiplexing.  Third,  many  of  theproblems  associated  with  multimode  switching 
are  included  as  part  of  the  construction  of  a multiplexer.  The  problems  of  coupling  fibers  to  electro- 
optic materials  is  important  and  must  be  handled  satisfactorily.  The  ability  to  perform  switching 
functions  with  sufficient  rapidity  is  another.  Thus  while  one  might  hope  optimally  that  optical 
multiplexers  will  supplant  other  techniques  for  performing  this  function,  such  a result  is  by  no  means 
necessary  to  gain  value  from  an  optical  multiplexer  program. 

The  feasibility  of  routing  multimode  optical  signals  has  been  demonstrated.  Device  structures 
are  simple  and  readily  fabricated  using  commercially  available  electro-optic  materials.  The  approach 
it  compatible  with  simple,  efficient  butt  coupling  procedures,  and  non-norml  incidence  butt  coupling 
allows  compatibility  with  the  properties  of  available  multimode  fibers.  Finally,  switching  voltages 
are  ondest  and  not  critical,  and  device  operation  it  independent  of  wavelength.  Modulators,  couplers 
and  multiplexers  based  on  the  principle  of  electro-optically  induced  reflection  barriers  have  been 
fabricated  and  evaluated.  In  particular  the  function  performed  by  the  Sperry  optical  multiplexer  design 
appears  difficult,  if  not  impossible,  to  accomplish  in  any  other  way  optically.  The  measurement  of  the 
performances  of  these  devices  already  facilitates  a comparison  with  alternative  approaches.  Moreover 
the  steady  stream  of  advanced  concepts  which  has  been  forthcoming  leads  one  to  believe  that  significant 
additional  iaiprovementt  in  performance  can  be  expected  in  the  field  of  multimode  optical  switching. 
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TABLE  1 Summary  of  modulator  parformanca  maaaurad  for  aingla  mnd 
double  stripe  channel  geometries  for  LiNb03and  LiTa03  with 
and  without  collimation  and  polarizar. 


MODULATOR 

TYPE 

VOLTAGE  FOR  50% 
MODULATION  (Vp^S^ 

THROUGHPUT 

LOSS  (dB) 

BANDWIDTH 

(GHz) 



POLARIZER 

NO  POLARIZER 

POLARIZER 

NO  POLARIZER 

LiNbOa 

LiTaOa 

SINGLE  STRIPE 

10 

40 

18 

14 

1.2 

.6 

DOUBLE  STRIPE 

10 

40 

18 

14 

.9 

.45 

IMPROVED 
DEVICE  DESIGN 

5 

20 

18 

14 

.6 

.3 

2:1 

COLLIMATION 

DEVICE 

23 

- 

10 

.6 

.3 

FIG.  1 Elactro-optic  chanrwi.  A voltage  appliad  between  the  top 
and  bottom  surface  electrodes  produces  an  increase  in  index 
of  refraction  in  the  region  bebween  the  electrodes  forcing 
lig^t  to  be  confined  to  this  region. 

* 


RELATIVE  INTENSITY 


TOP  ELECTRODE 


LU 


BOTTOM 

ELECTRODE 

FIG.  3 LiTi03  chaniMl  wavaguida  modulator. 
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FIG.  4 Ralativa  Intanaitv  of  output  ll|^t  vt  appllod  dc  fWd.  Solid 
llna  it  axparimantallv  datarminad  output  intanaity  m applM 
voltaga  u^ng  multirrioda  fibart.  Oathad  llna  for  I and  VK, 


BOTTOM 
ELECTRODES 


FIG.  5 Electro-optic  channels  created  by  double  strip  electrode 
geometry.  Electric  fields  applied  between  top  and  bottom 
Hectrodes  create  a decreas^  index  between  the  electrodes 
thereby  confining  the  tight  beam. 


FIBER  s2 


FIG.e 


Schematic  diagram  of  three-port  multimode  alectro-optlc  \ 

itch. 
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FIG.  7 Optical  output  power  in  both  fiber  channelf  ai  a function 

of  branch  voltage.  Input  fiber  eminion  centered  on  channel  A. 
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F IG.  8 Block  diaoram  of  complete  optical  data  link  employing 
elactro-optic  multiplexer  and  demultiplexer. 
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QUESTIONS  AND  COMMENTS 
ON  SESSION  II 


D2-I 


MULTI-CHANNEL  FIBER  OPTIC  SONAR  LINK 
F.  C.  Allard,  N.  S.  Bunker 

Dr.  Elmar  H.  Hara:  I think  your  system  deals  with  a sonar  array  and  therefore  the 
skewness  between  channels  will  be  an  Important  factor.  What  skewness  did  you 
achieve? 

Dr.  Allard:  All  channels  were  within  1.5°  which  corresponds  to  a skewness  of  less  than 
1 microsecond. 


COST  MODEL  FOR  AN  OPTICAL  FIBER  COMMUNICATIONS  SYSTEM 
T.  A.  Alper 

Dr.  LeCat:  (1)  You  showed  us  results  of  lightning  tests.  Were  they  obtained  under  full 
scale  level  of  threat,  or  extrapolated  from  low-level  measurements?  (2)  When 
extrapolating  results  from  low-level  measurements,  can  one  really  assiune  that 
phenomenons  are  linear,  since  non-linearities  such  as  flashover  can  occur? 

Dr.  Alper:  Most  of  the  tests  are  run  at  low  levels.  Data  is  taken  at  2000  amps  and 
extrapolated  at  200,000  eunps.  Most  theoreticians  agree  that  extrapolation  is 
valid. 


( 


d:-: 


Summary  of  Session  II 
SYSTEMS 
by 

Eric  Spitz 


This  session  featured  6 conferences  which  can  be  classified  as  follows: 

3 on  operational  systems, 

3 on  technico-economic  surveys, 

1 dealing  with  the  design  of  devices  for 
links  via  multimode-single  fibers. 


I.  OPERATIONAL  SYSTEMS 

1.1.  The  first  one  of  the  operational  systems,  presented  by  Communication  Research 
Center  of  Canada,  dealt  with  a link  (31  - 10  Mb/s  channels)  between  two  display 
consoles  installed  on  a warship.  This  experimentation,  which  does  not  utilize 
high  performance  components,  shows  that  such  links  can  be  operational  for  military 
applications  and  resolve  problems  such  as  immunity  to  electromagnetic  radiations. 

1.2.  The  second  system,  presented  by  Naval  Underwater  Systems  Center,  featured  a link 
between  a pre-amplifying  rack  and  the  processing  end  for  Sonar  signals  assembled 
with  currently  available  components  and  sub-assemblies. 

This  system,  like  the  former,  is  mainly  of  interest  to  the  extent  that  the  choice 
has  been  made  to  process  a very  large  number  of  channels  via  optical  technologies, 
even  if  input  and  distance  are  limited. 

1.3.  The  third  system,  offered  by  ITT/Roanoke,  field-links  in  the  20  Mb/s  - 2 km  area. 
Objective  was  to  exploit  available  good  performance  components. 

The  system  comprising  a multifiber  cable,  installable  in  ducts  is  designed  for 
field  mounting  of  the  connectors. 

Their  paper  shows  real  care  for  compatibility  of  devices  utilized. 

II.  TECHNICO-ECONOMIC  SURVEYS 

Mr.  Alper,  SHAPE,  THE  HAGUE,  has  proposed  a model  for  computing  the  cost  of  optical 
fibers  systems,  by  involving  various  parameters  related  to  performance  and 
characteristics  of  given  devices. 

However,  this  model  does  not  take  into  account  the  estimated  evolution  of  the  cost 
of  components  and  sub-assemblies  nor  the  cost  of  installation,  the  latter  being  at 
times  nonnegligible. 

A thoroughly  complete  paper  was  given  by  NELC,  describing  after  economic  analysis 
and  flight  testing,  an  evaluation  of  ALOFT  program  on  A 7 aircraft  of  which  a 
technical  description  was  made  in  several  instances  and  which  appears  as  the  most 
complete  program  in  the  field  of  military  applications. 

A large  number  of  tests  has  been  carried  out  (150  hrs  of  flight  testing)  in  varied 
environmental  conditions  (EMI,  EMP,  lightning)  tests  that  have  shown  that  comparison 
with  classical  techniques  appears  as  very  favorable  to  optical  fiber  links, 
inasmuch  as  a technico-economic  analysis  confirms  these  indications. 

III.  DESIGN  OF  DEVICES  FOR  LINKS  VIA  MULTIMODE-MONOFIBERS 

Mr.  MacMahon  of  Sperry  Research  Center  has  proposed,  along  with  U.S.  Army  Electronics 
Command,  possibilities  to  fabricate  electrooptic  modulators,  couplers  and 
multiplexers  enabling  to  design  high  performance  systems  based  on  multimode 
single  fibers. 

Proposed  concepts  rest  on  ideas  developed  in  the  field  of  Integrated  optics  and 
aim  at  resolving  the  problems  encountered  in  multi-conversational  links. 

Feasibility  of  components  defined  for  this  goal  has  been  demonstrated  but  it  is 
to  be  noted  that  industrial  angle  has  not  been  considered. 


To  summarize,  it  appears  that  work,  extensive  and  thorough,  is  being  currently 
carried  out  for  experimentation  of  complete  operational  military  systems  based  on 
optoelectronic  components  and  sub-assemblies  available  off-the-shelf. 
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single  Node  Fiber  Optics  and  Integrated  Optics 
for  use  In  Optical  Coonunlcatlons 

T.  G.  GIALLORENZI  and  A.  F.  MILTON 
Naval  Research  Laboratory 
Washington,  D.  C.  20375 

ABSTRACT 


The  status  of  conponenta  for  use  In  single  mode  fiber  and  Integrated  optical  coaaninlcatlon  systems 
la  presented  In  this  paper.  The  single  mode  coupling  problems  are  stressed  because  couplers  and 
splicers  are  the  technological  Items  which  pace  the  Implementation  of  single  mode  data  transfer  systems. 


1 . INTRODUCTION 

In  the  past  several  years,  significant  progress  has  been  realized  In  the  areas  of  fiber  and  Inte- 
grated optics  and  attention  Is  now  being  directed  towards  using  light  guiding  optical  components  In  high 
capacity  data  transfer  systeiss.  Graded  and  step  Index  multimode  fibers  are  being  marketed  In  several 
countries  and  many  telecomaunlcatlons  and  military  applications  for  fiber  optics  have  been  delineated. 
Optoelectronics  Interfaces  (source  and  detector  modules)  for  use  with  fiber  optic  transmission  lines  have 
also  been  developed.  With  fiber  losses  below  4 dB/km,  It  now  seems  possible  to  transmit  signals  over 
distances  of  10  - 20  km  without  repeaters,  an  attractive  capability.  However,  multimode  fiber  disper- 
sion will  limit  the  available  signal  bandwldths  than  can  be  transmitted.  As  an  example,  with  step  multi- 
mode fibers  with  low  numerical  aperture,  bandwldths  are  limited  to  about  5 Mblt/sec  for  a 10  km  propa- 
gation path.  For  available  graded  Index  fibers  In  which  modal  propagation  times  are  almost  equalized  by 
a radial  fiber  Index  variation,  bandwldths  on  the  order  of  60  Mblt/sec  are  possible  for  repeater  spacing 
of  10  km.  Single  mode  fibers  however  do  not  suffer  from  modal  dispersion.  For  bit  rates  exceeding 
100  Mblt/s,  the  use  of  single  mode  fibers  becomes  attractive.  Although  such  high  data  rates  (>100  Mbit/ 
sec)  are  not  presently  required  In  the  majority  of  applications,  the  presence  of  high  capacity  lines 
would  permit  long  term  data  transfer  growth  potential  In  the  cables  to  be  Installed.  Cable  replacement 
Is  costly  and  Involves  considerable  Inconvenience.  Therefore,  long  term  planning  suggests  one  consider 
the  Installation  of  optical  cables  with  excess  bandwidth. 

A second  consideration  In  favor  of  single  mode  coomiunlcat Ions  Is  the  extreme  difficulty  In  switching 
multimode  light;  a difficulty  manifest  by  the  absence  of  any  useable  multimode  switches.  With  a single 
mode  It  Is  possible  to  efficiently  modulate  and  switch  optical  power  In  low  crosstalk  Integrated  optical 
modulators  and  switches.  This  capability  Is  particularly  attractive  In  multltermlnal  data  buses  where 
active  optical  taps  would  offer  Increased  performance  and  capabilities.  Additionally,  Integrated  optical 
switches  can  be  cascaded  to  form  optical  switchboards  for  routing  signals. 

The  transition  from  multimode  to  single  mode  fibers,  while  offering  switching  capabilities  and 
significantly  higher  bandwldths  (>  10  Gblts/km),  does  require  closer  tolerances  for  splicing  and  coup- 
ling and,  when  used  with  Integrated  optics,  requires  special  techniques  for  handling  the  two  polariza- 
tion states. 


In  this  paper,  we  will  describe  those  conslderstlons  which  come  Into  play  when  developing  a single 
mode  fiber  optlc/integrated  optical  comsunlcat Ion  system.  Coupling  tolerance  considerations  represent 
the  largest  technological  difficulty  to  be  dealt  with.  Fiber  to  fiber  splicing  and  fiber  to  thin  film 
coupling  typically  require  micron  level  tolerances.  In  spite  of  the  low  level  of  development  effort 
In  the  single  mode  coupling  area,  significant  progress  has  already  been  achieved.  Single  mode  fiber 
to  fiber  splicing  losses  of  less  than  1/2  dB  have  been  achieved  and  fiber  to  film  coupling  losses  of 
4 dB  have  been  demonstrated.  When  considering  single  mode  fibers  connected  to  Integrsted  optical 
switches,  regard  must  be  given  to  the  two  states  of  polarlzstlon  which  normally  propagate  in  single 
mode  fibers.  The  usual  designs  for  Integrated  optical  switches  are  optimized  for  a single  polarization 
so  that  If  both  polarizations  are  present,  significant  Interchannel  crosstalk  results.  The  design  of 
polarization  Insensitive  switches  thus  becomes  of  prime  Importance. 


In  the  following  sections,  we  will  describe  relevant  properties  of  single  mode  fibers.  Description 
of  the  various  coupling  approaches  will  then  be  given,  and  finally,  polarization  Insensitive  switches 
will  be  described.  It  will  be  seen  that  solutions  to  the  problems  associated  with  single  mode  fiber 
optical  cosBunlcatlons  are  well  along  and  thsr  extremely  high  data  transfer  capabilities  will  be  possible 
In  the  next  few  years. 


2.  SINGLE  MODE  FIBER  PROPERTIES 


Single  mode  propsgation  Is  raallzad  In  fibers  by  designing  core  sizes  to  be  s few  wsvelengths  In 
cross  sectional  dimension  and  by  having  small  Index  differences  between  the  core  and  cladding.  The 
normalized  core  size  which  Is  used  In  the  dispersion  relationship  to  calculate  the  modal  properties  of 
s fiber  Is  defined  ss  (Boerncr,  H.  1976) 


V 


(1) 


where  a Is  the  core  radius,  1 Is  the  free  space  wavelength  and  n^.  and  n^  are  the  core  and  cladding 
Indices.  For  single  node  operation,  V £ 2.4,  l.e.  only  the  doubly  degenerate  HE^^  m<jde  propagates  for 
V < 2.4.  From  Eq.  (1),  one  sees  that  the  physical  core  size  a and  the  core-cladding  Index  differences 
An  • n^-ng  nay  be  varied  over  a considerable  range  while  maintaining  V 2.4.  Figure  1 ahowa  the  relation- 
ship between  normalized  core  size  V and  the  physical  extent  ((l/e)polnts)of  the  guided  HEn  mode.  By 
cither  making  An  or  a small.  It  is  possible  to  have  the  guided  fields  extend  significantly  Into  the  clad- 
ding and  Increase  the  physical  extent  of  the  mode.  This  feature  (Cook,  J.S.  1973)  Is  of  Interest  In 
fiber  splicing  since  it  affords  a means  of  relaxing  the  translational  dimensional  tolerances. 


However  ee  V becoaee  eeeull,  the  weve  In  the  fiber  becomes  looeely  guided  and  thua  auaceptlbla  to 
bending  loaaae.  Reducing  the  flbar'e  V nioiber  only  In  the  region  of  apllclng  by  elongating  the  fiber 
ahould  reduce  the  accuracy  with  which  the  enda  of  the  flbera  to  be  Joined  muat  meet  on-center  and  ahould 
not  increaae  propagation  loaaea  algnlflcantly  If  the  email  V number  region  la  limited  to  the  apllclng 
region. 


Another  feature  of  alngle  node  flbera  la  the  dependence  of  propagation  loaa  on  wavelength.  For  a 
given  number,  V - 2.3  at  .85  |im,  we  plot  In  Fig.  2 the  loaa  dependence  on  wavelength.  Alao  plotted  here 
la  the  wavelength  dependence  of  loaa  for  a multimode  fiber.  He  aee  that  for  alngle  mode  flbera,  loaa  la 
a atrong  function  of  X through  the  dependence  of  V on  X.  On  the  long  wavelength  aide,  acatterlng  Into 
the  cladding  domlnatea  whereaa  aa  the  wavelength  decreaaea,  the  mode  fiber  la  no  longer  alngle  mode  and 
converalon  to  other  modea  domlnatea  the  loaaea  auf fared  by  the  modea.  In  multlaK>de  flbera,  the 

preaence  of  hundreda  of  modea  leada  to  an  averaging  over  wavelength  of  loaa  for  each  mode.  Thla  reaulta 
In  a very  weak  dependence  of  loaa  on  wavelength.  Single  mode  flbera  muat  therefore  be  dealgned  for  the 
wavelength  of  Intareat  and  large  devlatlona  from  the  deelgn  wavelength  will  lead  to  exceaalve  loaaea. 


Finally  another  feature  of  alngle  mode  flbera  of  Interest  la  their  relative  Insensitivity  to  the 
mlcrobendlng  losses;  losses  often  encountered  In  the  cabling  of  flbera.  Olshansky,  R.  1976^. has  shown 
that  for  a single  mode  fiber  with  a V - 2.4,  the  mlcrobendlng  losses  are  an  order  of  magnitude  lower  than 
those  of  conventional  multimode  fibers.  Single  mode  fiber  optical  cables  therefore  potentially  offer  the 
lowest  loss  fiber  optical  data  transmission  media. 


Production  of  single  node  fibers  Is  similar  to  that  used  for  multimode  fibers.  Chemical  vapor 
deposition  la  the  most  widely  used  approach  and  In  the  case  of  single  mode  fibers,  this  deposition  pro- 
ceeds (Boemer,  M.  1976)  much  more  quickly  than  for  multimode  fibers  since  asiltlmode  fibers  usually 
require  > 40  times  more  material.  For  single  mode  fibers,  however,  the  starting  tubes  muat  however  be 
more  concentric  to  ensure  accurate  core  placement.  From  coupling  considerations.  It  Is  desired  to  have 
the  core  centered  tc  < IZ  of  the  cladding  dlaaieter.  Fabrication  of  single  node  fibers  with  the  desired 
tolerances  is  within  the  state  of  the  art. 


3.  SINGLE  HODE  FIBER  SPLICING 


Although  there  are  many  desired  features  associated  with  single  mode  fibers  (low  loss,  extremely 
high  bandwidth),  the  disadvantage  of  ualng  single  mode  fibers  Is  the  tight  mechanical  tolerances  required 
for  low  loss  Interconnects.  Besides  node  pattern  matching,  accurate  alignment  Is  required.  A simple  rule 
of  thumb  derived  from  an  examination  of  the  propagation  of  Gausalan  beams  Is  that  for  coupling  efficiencies 
> SOZ  we  need 

ASAx  < Xo/n^  (2) 


where  AB  Is  Che  required  angular  precision  In  angle  and  Ax  Is  the  required  alignment  precision  In  position 
Angular  tolerance  can  be  traded  off  for  positional  tolerance.  At  optical  wavelengths  It  would  be  prefer- 
able to  work  with  Ax  - IS  um  and  AB  - 1*  which  Is  why  there  Is  an  Interest  In  large  radius  ( ' 7 um) , 
small  An  fibers.  Aa  discussed  In  connection  with  Fig.  1,  a wider  optical  beam  can  also  be  realized  by 
reducing  the  V number  of  the  guide.  By  drawing  the  end  of  a alngle  mode  fiber,  (Cook,  J.S.  1973)  the 
V number  of  a fiber  Is  reduced  and  the  optical  beam  size  Increased.  It  was  shown  (Cook,  J.S.  1973)  that 
this  technique  readily  permits  a factor  of  two  decrease  In  the  required  fiber  alignment  accuracy.  The 
required  angular  alignment  accuracy  Is  Increased;  however.  In  general,  the  angular  tolerances  do  not 
present  as  difficult  a problem  as  the  displacement  tolerances. 


Fiber  splicing  requires  a means  of  physically  aligning  fibers.  A very  simple  method  of  fiber  align- 
ment was  demonstrated  by  Someda  (Someda,  C.G.  1972)  in  which  he  used  embossed  grooves  In  plexiglass. 
Plexiglass  Is  a thermoelastlc  material  with  a glass  transition  at  about  100*C.  To  form  the  embossed 
groove,  the  fibers  to  be  spliced  are  pressed  Into  the  heated  plexiglass  (Someda,  C.G.  1972)  to  deform 
the  plexiglass.  Upon  cooling,  precision  grooves  remain  (Fig.  3).  Using  this  approach,  splicing  effi- 
ciencies In  excess  of  92Z  are  readily  achievable.  This  approach  has  also  been  shown  to  permit  low  loss 
Interconnections  between  fibers  of  different  O.D.  Someda  (Someda,  C.G.  1972),  using  two  3.7  um  core 
single  node  fibers  with  O.D.'s  which  differed  by  10  um  was  able  to  achieve  90Z  coupling.  The  plexiglass 
deformed  elastically  and  accomodated  the  fiber  O.D.  difference  in  a synmetrlcal  manner  which  permitted 
the  core  axis  to  remain  aligned  aloeg  the  embossed  groove.  This  work  demonstrated  the  O.D.  variations 
can  be  compensated  for  In  coupler  design. 


A second  approach  developt-.  ly  Hau  and  Hilton,  (Hsu,  H.F.  1976),  used  preferentially  etched  grooves 
In  silicon  to  splice  fibers.  Coupling  efficiencies  In  excess  of  90Z  were  again  achieved.  Thla  coupler 
was  also  employed  to  couple  single  mode  fibers  to  channel  guides  and  will  be  discussed  In  detail  In  the 
next  section. 


If  fiber  diameter  and/or  core  eccentricity  are  not  controlled,  adjustable  couplers  nay  be  required. 

A simple  coupler  ualng  the  double-eccentric  principle  was  used  to  form  a detachable  fiber-fiber  connector 
(Guttmann,  J.  1975),  and  fiber  to  film  connector,  (Krtapholz,  0.  1974),  (Fig.  4).  To  achieve  low  loss 
connections,  the  light  scattered  Into  the  fiber  core  must  be  monitored  and  minimized.  While  easily 
achisvaable  In  tha  laboratory,  field  connections  will  be  hampered  by  the  need  to  monitor  scattered  light. 


The  longitudinal  separation  between  fibers  Is  not  as  critical  as  the  transverse  aligimwnt  require- 
ments. If  tha  two  fibers  to  be  spliced  are  placed  within  15  um  of  each  other,  the  loss  due  to  longitudi- 
nal displacement  Is  less  than  1 dB,  (Someda,  C.  G.  1972). 


Tha  ability  to  rsadlly  spiles  fibers  In  a low  loss  fashion  favors  ttja  use  of  fiber  pigtails  on  In- 
jection lasers  and  Integrated  optical  circuits.  It  la  envlaloned  that  tha  more  difficult  fiber  to  film 
coupling  will  be  accomplished  In  the  more  controlled  environment  of  the  manufacturing  plant  whereaa  the 
demountable  coupling  of  the  fiber  pigtail  to  the  fiber  transmission  llna  can  be  accomplished  In  the  field 
ualng  a variety  of  splicing  techniques,  soma  of  which  have  already  been  outlined. 
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4.  LASER  TO  FIBER  COUPLERS 

In  order  to  employ  single  mode  fibers  at  all,  it  is  required  that  a source  be  connected  to  these 
fibers.  End-fire  coupling  Is  the  most  widely  used  technique.  Single  transverse  mode  operation  Is  re- 
quired of  the  laser  since  In  end-fire  coupling,  one  matches  the  modal  fields  of  the  laser  with  the  single 
mode  fiber.  Stable  single  transverse  modal  operation  Is  routinely  achieved  In  state  of  the  art  lasers 
provided  that  the  active  stripe  Is  not  too  wide  (<  15  microns)  and  that  the  laser  Is  not  operated  In  a 
current  region  several  times  above  threshold.  With  stable  laser  operation,  the  coupling  problem  In- 
volves field  matching  and  fiber  alignment  In  a stable  manner. 

In  an  early  tK>rk,  Cohen  coupled  several  single  mode  fibers  which  possessed  cores  of  about  3,5 
microns  to  double  heterojunction  lasers.  Coupling  efficiencies  exceeded  40Z.  Permanent,  self-supporting 
couplers  were  fabricated  by  applying  suitable  epoxies  between  the  structures  which  supported  the  fiber 
and  the  lasers. 

By  applying  lens  to  the  ends  of  fibers.  It  Is  possible  to  Increase  the  coupling  efficiencies  above 
these  reported  by  Cohen,  (Cohen,  L.  G.  1972).  This  miniature  lens  may  be  fabricated  either  by  melting 
the  ends  of  the  fibers  (Kolanzadeh,  Y.  1976)  or  by  depositing  photoresist  on  the  fiber  ends,  (Kolanzadeh, 

Y.  1976).  Improvements  in  coupling  efficiencies  of  a factor  of  two  appear  feasible,  (Kolanzadeh,  Y.  1976), 
and  power  launched  Into  single  mode  fibers  should  be  In  excess  of  1/2  mW,  (Kressel,  H.  1976). 

Laser-plgtall  assemblies  are  thus  feasible  with  current  state  of  the  art  devices.  It  Is  Important 
now  to  Improve  fiber-laser  coupling  and  potting  techniques  with  emphasis  on  stability  and  efficiency. 
Coupling  the  laser-plgtall  assembly  to  the  single  mode  transmission  line  will  then  Involve  use  of  the 
splicing  techniques  described  in  Section  3. 

5.  FIBER  TO  FILM  COUPLING 


There  exist  two  basic  approaches  for  fiber  to  film  coupling:  end-fire  and  evanescent  field  coupling. 
Evanescent  field  coupling  occurs  when  the  waveguides  to  be  coupled  are  parallel  to  each  other  In  the 
coupling  region;  whereas  the  end-fire  coupling  occurs  when  the  ends  of  the  two  waveguides  are  butted  up 
against  each  other.  Theoretically  evanescent  techniques  offer  high  coupling  efficiency;  however,  a large 
number  of  practical  problems  have  to  be  solved  to  make  an  evanescent  single  mode  fiber  to  film  coupler. 

In  most  cases  of  practical  Interest  a mode  liftoff  structure  must  be  Introduced  on  the  waveguide  to 
avoid  mode  sinking,  (Amaud,  A.  1974).  A coupling  region  which  ensures  phase  matching  must  be  provided 
after  mode  liftoff  and  a single  mode  fiber  arranged  to  have  appreciable  modal  field  at  the  surface  must 
be  aligned  on  top  of  the  coupling  region.  End-fire  coupling  Is  undoubtedly  more  straightforward,  but  It 
does  require  preparation  of  Che  waveguide  ends  and  precision  alignment.  Losses  due  to  dissimilarities  In 
mode  patterns  and  reflection  at  the  butt  Joint  Interface  are  Inevitable. 

5.1  End-fire 

End-fire  coupling  Involves  bringing  the  single  mode  fiber  In  close  proximity  to  the  planar  waveguide. 
Minor  reflection  losses  occur  due  to  dissimilarity  In  index  of  refraction  between  the  fiber  and  the  planar 
guide.  Efficiency  with  an  end  fire  arrangement  requires  mode  pattern  matching  which  can  usually  be 
accomplished  by  matching  the  cross  sectional  dimensions  of  the  two  guiding  regions.  If  end  fire  coupling 
CO  a fiber  with  a planar  guide  were  Co  be  attempted,  focusing  of  the  light  In  the  planar  guide  on  Che 
coupling  end  surface  would  be  necessary. 

For  the  case  of  a high  Index  channel  guide  a dimensional  matching  to  the  size  of  Che  core  of  a low 
Index  single  mode  fiber  can  be  obtained  with  a ssutll  Index  difference  In  Che  channel  guide  system.  Mode 
pattern  matching  requires  a cross  sectional  aspect  ratio  of  unity  for  the  channel  guide  which  Is  hard  to 
achieve  with  Indlffused  channel  guides  due  to  sideways  diffusion.  There  will  therefore  always  be  some 
mlssutch  due  to  the  asymmetry  of  the  channel  guide  and  the  slightly  different  geometries. 


Besides  mode  pattern  matching,  accurate  alignment  of  the  two  waveguides  Is  required.  The  discussion 
qf  €q.  (2)  on  angular  and  spatial  accuracies  again  applies  here.  With  Indlffused  channel  guides  the 
waveguide  mode  patterns  are  rarely  more  than  five  microns  deep  so  that  single  mode  fibers  with  small 
cores  will  be  required  for  reasonable  mode  pattern  matching.  As  long  as  the  mode  cross  sectional  di- 
mensions are  large  compared  to  a wavelength,  the  alignment  precision  In  the  direction  of  propagation  (z) 
(how  close  the  waveguides  have  to  be)  Is  not  as  severe.  The  rule  of  thumb  derived  again  from  an  exami- 
nation of  the  propagation  of  Gaussian  beams  Is 


At 


Ax^n 

^o 


(3) 


where  Ax* Is  the  cross  sectional  dlsMnslon.  For  a fiber  to  channel  waveguide  coupler  with  guide  dimen- 
sion Ax  - 2 wm,  ths  sbove  aquation  gives  an  allowable  separation  Az  • 15  pm  for  n ■ 1.9.  In  other  words, 
as  long  as  the  end  surface  separation  between  ths  fiber  and  the  channel  guide  Is  kept  within  15  um, 
there  will  be  no  significant  reduction  on  coupling  efficiency. 

A practical  approach  to  ths  positioning  of  a niaber  of  single  nods  fibers  for  end  fire  coupling  to 
channel  waveguides  has  been  davaloped  by  Hsu  and  Milton,  (Hsu,  H.P.  1976).  Fibers  can  be  accomodated 
with  a separation  between  fiber  and  channel  waveguide  of  1.23  times  the  fiber  outer  diameter  (O.D.). 
Figure  5 shows  a schamatlc  of  how  the  approach  would  ba  used  to  connect  four  single  mode  fibers  and  a 
single  multimode  fiber  to  a high  speed  Integrated  optic  channel  waveguide  switch  to  form  a terminal  for 
a data  transfer  systM. 

With  the  flip  chip  approach,  (Hsu,  H.P.  1976),  a preferentially  etched  silicon  groove  Is  used  to 
position  the  fiber  core  just  above  the  surface  of  the  silicon  wafer.  By  viewing  through  ths  transparent 
Llin>03  plats  (see  Fig.  6)  and  by  matching  up  atched  registration  grooves  In  ths  silicon  with  Indlffused 
registration  stripes  In  ths  Llin>03  (mads  vlslbla  due  to  the  formation  of  a ridge  during  Indlf fusion) , 
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fiber  allgnBcnC  within  + 1 u»  over  a diatance  up  to  several  m haa  been  obtained.  In  Fig.  7,  the 
fiber  positioning  accuracy  using  this  approach  is  shown.  A LlNbOs  sample  was  used  which  had  channel  wave- 
guidea  running  perpendicular  to  the  cleaved  (10.2)  end  surface  and  a 9S  usi  O.D.  single  mode  fiber  with  a 
A u>  core  with  its  end  surface  prepared  by  the  acore  and  break  under  tenalon  method.  Since  the  Llllb03 
plate  and  the  fiber  both  have  square  corners  and  flat  end  aurfacea,  the  two  waveguides  could  be  brought 
within  10  urn  by  sliding  the  fiber  along  the  fiber  positioning  groove  toward  the  LlNb03  cleaved  end  sur- 
face. 


> 


To  understand  the  effect  of  misalignment  and  the  effect  of  channel  waveguide  diffusion  profile  and 
fiber  core  diameter  selection  on  end  fire  coupling  efficiency,  the  square  of  the  electric  field  overlap 
Integral  between  the  modes  of  a fiber  and  a channel  guide  has  been  plotted  in  Fig.  (8).  The  Indlf fused 
channel  waveguide  is  approximated  by  a rectangular  step  index  embedded  channel  guide  to  facilitate  the 
uae  of  Narcatill's  flelda,  (Marcatlll,  E.  A.  1969),  in  the  calculation.  Figure  8 shows  the  square  of 
the  overlap  integral  as  a function  of  position  displacement  between  the  channel  waveguide  and  fiber  core. 

Since  after  correcting  for  reflection  (about  2.4Z  in  our  case)  the  coupling  efficiency  is  directly  pro- 

portional to  the  square  of  the  overlap  integral.  Fig.  8 indicates  that  the  coupling  efficiency  is  very 
sensitive  to  displacement  errors;  and  that  the  maximum  obtainable  efficiency  could  be  Improved  by  a better 
match  between  fiber  core  diameter  and  diffusion  depth  (channel  waveguide  mode  extent  in  the  y direction). 

Another  constraint  with  the  flip  chip  coupler  is  that  in  the  absence  of  a good  index  matching  liquid 

for  n - 2.2  the  channel  waveguide  must  end  with  a square  comer.  Since  the  fiber  is  held  parallel  to  the 

waveguide  aurface  any  comer  (cleaved  or  polished)  which  is  not  square  (90*  to  the  channel  waveguide)  can 
cauae  Inefflclcnclas.  Without  a index  match  the  beam  will  tilt  away  from  the  fiber  axis  on  exiting  the 
LlKb03.  Convenient  index  matching  fluids  exist  for  indices  up  to  1.9.  Bean  tilt  angles  as  a function  of 
the  comer  angle  are  plotted  from  Snell’s  law  in  Fig.  9.  With  an  index  matching  liquid  of  1.9  for  a wave- 
guide mode  thickness  of  2 um,  we  estimate  that  the  tilt  angle  w for  Xq  - .633  um  must  be  less  than  about 

5*  to  avoid  serious  inefficiency.  From  Fig.  9 the  comer  angle  thus  has  to  be  larger  than  65*. 

In  the  couplers  demonstrated  in  Ref.  (5),  (Hsu,  H.P.  1976),  cleaving  was  used  to  prepare  good  sur- 
faces. LlNb03  however  only  cleaves  in  a single  direction  (10.2  cleavage  plane)  which  will  place  a con- 

straint on  device  orientation.  One  alternate  edge  preparation  techniques  for  LlNb03  is  the  use  of 
sputter  etching,  (Sepori,  B.  L.  1976).  High  quality  edges  suitable  for  end-fire  coupling  may  be  pre- 
pared using  this  method  in  arbitrary  directions.  Another  alternate  technique  is  polishing.  Recently, 
(Verber,  C.,  et  al.),  have  succeeded  in  obtaining  very  high  quality  polished  edges  on  Lll(b03.  Figure 
10,  a scanning  electron  micrograph  of  polished  edges  in  LlNb03  is  shown.  Neglectable  edge  rounding 
was  demonstrated  and  scattered  pit  sixes  no  larger  than  1/2  micron  were  observed.  These  high  quality 
edges  demonstrate  that  it  is  within  the  state  of  the  art  to  prepare  sufficiently  high  quality  edges 
by  polishing. 

Figure  6 shows  a microscope  photograph  of  the  fiber  alignment  grooves  and  the  single  mode  channel 
waveguide  in  LlHb03.  Experimentally  measured  coupling  efficiencies  in  excess  of  30Z  have  been  measured 
for  coupling  waveguides  and  fibers  which  were  not  optimised  for  node  pattern  matching.  The  fibers  that 
are  coupled  to  the  channel  waveguides  represent  the  desired  pigtail  couplers.  Splicing  these  pigtails 
to  the  transmission  line  fibers  can  also  be  accomplished  in  the  etched  alignment  grooves. 

5.2  Evanescent  coupling 

With  an  evanescent  approach  when  the  two  waveguide  material  systeu  have  vastly  different  indices 
of  refraction,  as  is  the  case  for  coupling  between  metal  indlf fused  LlNb03  or  LlTa03  waveguides  (na;2.1) 
and  single  mode  fused  silica  fibers  (n  a 1.5),  severe  phase  mismatch  problems  can  exist.  As  long  as  the 
index  of  refraction  of  the  waveguide  system  substrate  la  higher  than  the  effective  index  of  the  mode  in 
the  single  mode  fiber,  phase  matching  will  nacessarily  exist  between  a set  of  substrate  modes  and  the 
guided  mode  in  tha  fiber.  The  phase  matching  condition  applies  in  the  direction  of  the  fiber  core  lead- 
ing to  a situation  similar  to  output  coupling  with  a high  index  prism.  Unless  this  unwanted  waveguide- 

substrate  coupling  which  we  call  mode  sinking  is  Impeded,  it  will  dominate  and  coupling  between  the  wave- 
guide and  fiber  will  not  be  efficient. 

In  the  pursuit  of  an  evanascent  fiber  to  film  coupler  we  have  concentrated  most  of  our  efforts  on 
the  investigation  of  an  adiabatic  node  liftoff  structure  (Hsu,  H.  P.  1977),  which  Introduces  a low 
index  buffer  layer  to  shield  the  low  index  fiber  from  the  high  index  substrate.  It  differs  from  the 
structure  proposed  by  Dalgoutte,  (Dalgoutta,  D.  G.  1975),  in  that  no  low  index  tunneling  layer  is  in- 
cluded between  tha  Indlffusad  waveguide  and  the  high  index  top  layer. 

A full  device  with  the  materials  we  have  chosen  to  use  is  shown  in  Fig.  11.  The  mode  liftoff  section 

la  followed  by  a branching  section,  a transition  section  and  than  a tapered  velocity  coupler.  The  device 
is  designed  to  ba  completely  adiabatic,  (Hsu,  H.  P.  1977),  (no  power  transfer  between  local  normal  modes) 
without  any  mods  Interferenca  sections  so  that  no  critical  coupling  lengths  or  field  pattern  matching 
sections  are  Involved.  Adiabatic  operation  was  achieved;  however  the  experimentally  observed  losses  in 
tha  branching  section  and  tha  transition  saction  ware  unacceptably  high,  (Hsu,  H.P.,  1977).  It  la  be- 
lieved thst  for  LilfbOy  substrates,  these  high  losses  would  be  difficult  to  eliminate  becauae  of  the  aur- 
face roughness  of  LUfb03  and  it  la  concluded  that  adiabatic  evanascent  coupling  from  low  index  fibers  to 
LlJlb03  wavaguidss  will  in  genaral  be  unacceptably  lossy. 

This  conclusion  does  not  apply  for  lower  index  waveguides  such  as  those  formed  in  glasses  (n  - 1.5). 
Dalgoutta  et  al.  (Dalgoutta,  D.  C.  1975),  have  achieved  701  coupling  efficiencies  for  evanescent  coupling 
between  an  axtemally  mounted  fiber  and  a planar  glass  wavagulde.  An  externally  mountad  fiber  is  shown 
In  Fig.  12  and  Is  made  singla  mode  by  making  the  thlcknasa  t sufficiently  small.  Thase  flbara  ganarally 
are  multimode  in  tha  thicker  direction  W.  By  placing  this  fiber  in  close  proximity  to  tha  waveguide, 
evanascant  coupling  la  achlavad. 

This  work  can  be  axtsndad  to  higher  index  waveguides  such  as  I.lNbOy  either  by  developing  high  index 
axtemally  mounted  core  fibers  or  by  using  an  snd-flrs  coupling  tachnlqua  to  gat  light  into  a low  index 
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transitional  gulda.  Using  sputtar  etching  to  fom  a high  quality  edge,  (Seporl,  B.  L.  1976) 
dcBonstrated  the  fabrication  of  such  a transition  guide  (Fig.  13).  Efficiencies  better  than  801  have 
been  obtained  for  end-fire  coupling  from  the  LlNb03  waveguides  Into  the  lower  Index  guides.  Using  the 
evanescent  coupling  methods  of  Dalgoutte,  D.  G.  1975,  one  should  then  be  able  to  couple  Into  a fiber 
with  an  externally  mounted  core. 


5.3  Laser  to  film  couplers 


Coupling  of  lasers  directly  to  thin  film  waveguides  Involves  many  of  the  problems  previously  dis- 
cussed. In  Fig.  lA,  we  show  the  direct  coupling  technique  which  was  studied  by  (Hunspenger,  R.  G.  1976). 
Critical  for  high  efficiency  Is  field  matching,  accurate  device  alignment  and  stable  device  support. 

The  waveguides  employed  In  Fig.  lA  were  fabricated  of  Ta205  on  glass.  Coupling  Into  the  allowed  modes 
Is  shown  In  Fig.  15.  Coupling  efficiency  for  the  lowest  order  mode  was  In  excess  of  AOX  and  It  la  seen 
that  the  experimental  data  closely  follows  the  predicted  efficiency  curves.  The  structure  fabricated  by 
Hughes  did  show  a good  deal  of  mechanical  stability  and  demonstrated  the  feasibility  of  rugged  laser  to 
waveguide  coupling. 


6.  FIBER  COMPATIBLE  INTEGRATED  OPTICAL  SWITCHES 


Many  of  the  Integrated  optical  switches  demonstrated  to  date  are  not  suitable  for  use  In  a fiber  op- 
tic transmission  system.  These  switches  have  been  optimized  for  a single  polarization  and  evidence  con- 
siderable Interchannel  crosstalk  when  both  polarizations  are  simultaneously  present.  To  be  used  In  an 
optical  cozmtunlcatlon  system  employing  fiber  optical  transmlsalon  lines,  switches  must  be  designed  to  be 
Insensitive  to  the  state  of  Incoming  polarization,  (Steinberg,  R.  A.  1976). 

In  general,  linearly  polarized  light  coupled  Into  single  mode  fibers  suffers  rapid  conversion  to 
other  polarization  states,  so  that  light  emerges  from  the  fiber  with  some  unknown  elliptical  polarization. 
The  cause  of  this  polarization  scrambling  Is  related  to  core  elllptlcltles  and  to  stress  birefringence. 
Rectangular  or  strongly  elliptical  croas  sections  fibers  would  prevent  polarization  conversion;  however, 
no  one  to  date  has  fabricated  useable  structures,  (Kaiser,  P.  1973). 

Electrooptlcal  switches  and  isodulators  can  be  made  with  planar  guides  or  with  channel  guides.  All 
of  these  devices  work  by  having  change  In  guide  Index  of  refraction  caused  by  an  applied  electric  field 
produce  a phase  shift  In  part  of  the  beam.  Various  waveguide  switch  designs  are  presented  In  Fig.  16. 

The  planar  devices  only  confines  the  light  In  the  plane  of  the  film  and  usually  work  to  deflect  the  light 
either  by  an  electrooptlcally  Induced  prism  or  by  Bragg  deflectors  from  an  electrooptlcal  Induced  grating. 
The  different  polarization  have  slightly  different  propagation  constants  In  the  guide  which  alters  the 
angle  of  deflection;  however  for  Indlffused  waveguide  aystema  this  is  not  enough  of  a difference  to  be 
Important.  Polarization  Insensitivity  can  therefore  be  achieved  by  operating  with  a crystal  orientation 
such  that  the  electrooptic  effect  la  the  same  for  both  polarizations,  (Steinberg,  R.  A.  1976).  This  will 
assure  that  waves  of  different  polarization  will  suffer  the  same  angle  of  deflection  for  an  Induced 
prism  and  Che  same  deflection  efficiency  for  a Bragg  device. 

Channel  guides  confine  the  light  In  both  transverse  dimensions.  With  an  electrooptic  channel 
device  the  volume  over  which  an  electric  field  must  be  applied  Is  therefore  less  than  with  a planar 

device.  Electrical  drive  power  for  modulation  at  a given  frequency  Is  therefore  reduced  and  channel 

switches  can  be  remarkably  efficient.  The  channel  geometry  Is  also  more  suitable  to  coupling  to  Che 
core  of  a single  mode  fiber.  Many  switch/modulator  designs  for  channel  guides  however  require  precision 
modal  Interference  In  a close  coupling  region  where  two  channel  guides  come  close  together.  Due  to 
dissimilarities  In  propagation  constant  and  coupling  coefficient  this  Interference  usually  does  not  have 
the  sane  effect  on  both  polarizations  and  polarization  Insensitivity  Is  hard  Co  achieve.  The  modal  evolu- 
tion 3 dB  coupler  made  with  branching  waveguides  on  the  other  hand  does  not  depend  on  modal  Interference 
and  a syoBeCrlc  type  II  switch  made  with  two  of  these  3 dB  couplers  and  oriented  such  that  the  electro- 
optic coefficient  for  both  polarizations  Is  the  sane  will  be  polarization  Insensitive.  An  slternatlve 
approach  Is  Co  electrically  compensate  for  fabrlcatlonal  errors  In  the  modal  Interference  class  of 
switches  demanding  tolerance  requirements  of  earlier  modal  Interference  type  switches.  Steinberg,  R.  A. 
1976,  have  shown  that  this  switch  configuration  can  alao  be  configured  to  be  polarization  Insensitive. 
Electrical  compensation  of  fabrlcatlonal  error;  has  recently  been  demonstrated  by  (Kogelnlk,  H.  1976) 

who  used  multiple  electrodes  to  tune  out  errors.  A three  section  version  of  their  device  Is  shown  In 

Fig.  17. 


Although  Brsgg  switches  and  channel  switches  may  be  made  polarization  Insensitive,  the  allowable 
crystal  orientations  are  restricted,  (Steinberg,  R.  A.  1976  and  1977a).  This  results  In  the  use  of 
non-optimum  electrooptic  coefficients  In  the  switching  and  algnlflcantly  decreased  efficiency.  In  a new 
design  (Steinberg,  R.  A.  1977b)  have  found  that  the  use  of  two  electrode  types  with  the  crossed  B 
design  (Kogelnlk,  H.  1976)  makes  It  possible  to  electrically  achieve  polarization  Insensitive  operation 
for  arbitrary  crystal  orientations  (Fig.  18).  As  seen  In  Fig.  (18b),  the  two  different  types  of  elec- 
trodes result  In  applied  fields  In  the  waveguide  region  which  are  either  horizontal  or  vertical.  Since 
the  clcctrooptlc  effect  Is  a tensor  quantity,  the  use  of  horizontal  fields  result  In  a different  electro- 
optic effect  than  the  vertical  fields.  As  was  shown,  (Steinberg,  R.  A.  1977b),  this  configuration  affords 
a new  degree  of  freedom  which  permits  an  electrical  means  to  coiq)ensate  for  different  efficiencies  In  TE 
and  TM  modal  switching.  This  daslgn  concept  permits  the  use  of  the  largest  electrooptic  coefficients  and 
thus  maximizes  device  efficiency.  Efficient  Integrated  optical  switches  can  thus  be  made  compatible  with 
fiber  optical  transmission  lines  for  the  first  time. 

7.  SINGLE  MODE  DATA  SYSTEMS 

With  the  advent  of  useable  components  with  which  to  construct  single  mods  fiber  optical  data  aystema, 
consideration  Is  now  being  given  toward  the  design  of  optical  data  busas  and  switchboards.  In  Fig.  19, 
a schematic  of  two  poaslbla  data  bus  layouts  Is  preaentad.  The  terminals  for  this  multltsrmlnal  data 
link  consist  of  high  speed  four  port  switching  modules  similar  to  chose  described  In  Fig.  5.  With  Che 
arrangement  In  Fig.  19a,  a single  centrally  locatad  lasar  can  provide  the  light  for  all  cha  tarmlnala  via 
a "power  line"  fiber,  (outer  loop).  Data  pulses  ara  put  on  the  coamunlcatlon  line  (Inner  loop)  by 
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crossing  ths  switch  as  shown  In  Fig.  20.  Alternatively,  CW  Injection  lasers  can  be  used  at  each 
terminal  as  shown  In  Fig.  19b.  In  this  case,  the  switch  serves  as  a modulator  and  Input  coupler.  With 
these  loop  designs,  terminal  throughput  loas  must  be  kept  low.  Various  forms  of  star  designs  such  as 
shown  In  Fig.  21  can  be  used  which  permit  higher  terminal  throughput  losses.  In  this  case,  data  signals 
originating  from  a given  terminal  pass  through  a single  repeater  module  before  being  delivered  to  the 
receiver  terminals.  Here  again  the  basic  terminal  module  shown  In  Fig.  S can  be  used  If  minor  modifica- 
tions are  Incorporated.  With  an  optical  switching  capability,  communication  systems  can  be  built  with 
remotely  located  laser  sources.  This  will  have  advantages  for  terminal  locations  where  access  Is 
cestricted  and/or  where  minimizing  size  and  power  Is  Important. 

Switchboards  can  be  realized  using  single  mode  technology  simply  by  cascading  a number  of  Integrated 
optical  switches.  In  Fig.  22,  an  experimental  realization  of  a four  by  four  switch  Is  shown,  (Schmidt, 

R.  V.  1976).  In  this  example,  five  multiple  electrode  four  port  switches  (Kogelnlk,  H.  1976)  were 
cascaded  to  construct  this  switching  network.  -19  dB  crosstalk  was  observed  when  a signal  was  Inputted 
Into  one  terminal  and  the  various  output  terminals  were  monitored.  More  elaborate  switching  networks 
such  as  a 10  X 10  switchboard  are  now  within  the  state  of  the  art  thus  making  many  teleconsunlcatlon 
architectures  possible  to  fiber  optic  systems. 

Mention  should  also  be  made  of  high  capacity  point  to  point  data  links.  With  fiber  propagation 
losses  below  4 dB/km,  high  capacity  (>  500  Mblt/s)  links  with  repeater  spaclngs  between  10-20  km  are 
becoming  possible.  For  this  class  of  spplicatlons,  lasers  and  detector  modules  are  the  key  active 
elements.  Fiber  splicers  and  connectors  must  still  be  perfected  and  engineered;  however,  the  Implementa- 
tion of  these  links  now  appears  to  be  within  the  state  of  the  art. 

8.  SUMMARY 

Single  mode  fiber  optic  data  transfer  systems  using  Integrated  optical  circuits  and  single  mode  fibers 
appear  to  offer  a viable  approach  to  high  data  rate  communication.  While  the  samll  lateral  dlmcnslona  of 
single  mode  structures  require  higher  displacement  precision  for  coupling  and  splicing  than  multimode 
structurea,  techniques  for  achieving  the  required  accuracy  have  been  demonstrated.  Splicing  alngle  mode 
fibers  Is  more  difficult  than  for  multimode  fibers;  however,  acceptable  splicing  losses  have  been  routine- 
ly demonstrated  In  the  laboratory  with  coupling  efficiencies  In  excess  of  90Z  deax>nstrated.  The  relative 
ease  of  splicing  single  mode  fibers  leads  one  to  favor  Che  integrated  optical  circuit  flber-plgtall  or 
the  laser-fiber  pigtail  concept  In  which  the  more  difficult  fiber  to  film  coupling  is  performed  In  a 
controlled  environment.  Laser  and  Integrated  optical  circuit  modules  will  then  all  come  with  suitable 
fiber  pigtail  couplers. 

The  laser  or  thin  film  to  fiber  coupling  efficiency  has  now  exceeded  30Z  and  improvements  can 
reasonably  be  expected.  The  use  of  miniature  lens  on  the  ends  of  fibers  appears  to  offer  Increased 
coupling  efficiencies  over  the  quoted  30Z.  Since  the  principals  of  coupling  have  been  catablished,  rugged, 
reliable  structures  now  have  to  be  developed.  Approaches  to  compensate  for  fabrlcatlonal  errors  should 
also  be  further  developed. 

Polarization- Insensitive  Integrated  optical  circuits  have  been  studied  and  are  being  developed. 
Communication  termlnala  such  as  shown  In  Fig.  5 are  now  possible  as  are  optical  switching  networks  using 
multiple  mlcrooptlcal  switches.  These  terminals  will  provide  fiber  optical  systems  Its  first  active 
terminal  capability  for  routing,  tapping  or  processing  optical  data  transmission. 
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Noruellzed  been  else  versua  nomallzcd  fiber  core  size.  Single  mode  HExi  propagation  occrus 
vhen  the  core  size  la  less  than  2.40S.  The  HExx  fundanental  mode  doea  not  cut  off  as  the 
core  size  shrinks  but  becoaes  leas  loosely  bound.  Consequently,  the  fields  spread  out  beyond 
the  physical  core  In  this  region  of  operation. 


navelength  (nm) 


- Fiber  attemietloo  as  a fnactlon  of  uaealaagth.  Hm  bIbIm  eorraepoBda  to  tka  opttBM 
BorBaltaad  eers  alas  aad  la  this  region,  tbs  fiber  la  ralatluely  lasaBaltluo  to  BlrmbanflBg 
lose.  NultlaoAa  fibers  are  not  particularly  aaDaltlua  to  tba  propagatlag  uauBlaMtb. 
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COMMUNICATION 
CHANNEL 


Ptgur*  5 - Four  port  data  awltehlng  taralnal  aodula.  Thla  aodula  la  a building  block  from  which  aany 
data  trantfar  ayataaa  can  bo  conatructad. 
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Figure  9 - Refracted  light  angle  as  a function  of  edge  tilt. 


Figure  10  - Electron  elcrogreph  of  the  edge  of  a polished  LlNbOj  waveguide  (SSOOX). 
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MODE  LIFTOFF  BRANCHING  TRANSITION  THIN  FILM  TAPERED 
SECTION  SECTION  SECTION  VELOCITY  COUPLER 


D : HIGH  INDEX  WAVEGUIDE  (IN  DIFFUSED  LiNbOs  WAVEGUIDE) 

B : LOW  INDEX  BUFFER  LAYER  (Si02) 

L ; HIGH  INDEX  LIFTOFF  TOP  LAYER  (NbjOs) 

C : TAPERED  LOW  INDEX  WAVEGUIDE  (BARIUM  SILICATE) 

W : LOW  INDEX  WAVEGUIDE  (EVENTUALLY  THE  FIBER) 

Figure  11  - Modal  lift  off  structure  needed  to  couple  a low  Index  fiber  to  a high  index  waveguide. 


SUPPORT 

FIBER 


Figure  12  * Scheaetlc  of  en  extemelly  mounted  coupling  fiber. 
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Figure  15  - Coaparlson  of  theoretical  and  experlaental  coupling  coefficient  of  a laser  to  a planar  guide 
(Hunsperger,  R.  C.  1976). 
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rigura  16  - Coaaonly  used  Modulator  configurations.  In  type  I nodulators  tha  coupling  and  phase  shift 
regions  coincide.  In  type  II  davlcas,  tha  channel  coupling  regions  (labeled  3 dB  In  the 
figure)  are  saparatad  froa  tha  phasa  shift  region.  At  the  bottoa  of  tha  figure  are  three 
altematlua  schiaea  for  realising  the  3-dB  couplers  needed  to  construct  the  type  II  device. 


Figure  17  - Schaaatlc  of  a i8  reversal  switch.  In  this  design,  multiple  electrodes  are  used  to 
electrically  compensate  for  fabrlcatlonal  errors. 
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SINGLE  MODE  DATA  BUS 
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CENTRAL  CW  LASER  WITH  REMOTE  HIGH  SPEED  SWITCHES 


INJECTION  LASERS  WITH  ACTIVE  COUPLERS/MOOULATORS 


• Figure  19  - Loop  type  single  mode  optical  data  bus  designs.  In  the  upper  figure,  a single  laser 

powers  every  terminal  whereas  the  lower  figure  utilizes  a separate  laser  at  each  terminal. 


MULTITERMiNAL  COMMUNICATION  SYSTEM  WITH 
SINGLE  MODE  FIBERS  AND  ONE  LASER 


PICKOFF  COUPLER  PICKOFF  COUPLER 


HlOH  SPEED  IOC  SWITCH  (ON)  HIGH  SPEED  IOC  SWITCH  (OFF) 


TERMINAL  «l 


TERMINAL  #2 


Figure  20  - 9tg/gle  mode  data  bua  terminals.  This  figure  describes  the  operetloa  of  Integrated  optical 
ssritches  In  a data  bus  conflgurstlon  elmilsr  to  those  shown  In  Fig.  19.  To  transmit  data, 
a termlmal  awltchas  light  from  the  distribution  channel  onto  the  communication  channel. 
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ELECTROOPTICAL  ACTIVE  COMPONENTS  FOR  GUIDED  LIGHT 
M.  Papuchon 
ThOMSON-CSF 

LaboratoIre  Central  de  Recherches 
B.P  10  - 91401  ORSAY 

FRANCE 

ABSTRACT. 

Modulators  and  switches  are  very  Important  components  for  Integrated  Optics.  The  electro- 
optical  effect  Is  a good  candidate  to  realize  them  because  the  geometrical  parameters  lead  to  a conside- 
rable reduction  In  the  driving  powers. 

In  this  paper  we  shall  present  the  results  obtained  In  the  realization  of  electrooptica  I 
active  components  In  Integraded  Optics  and  In  particular  using  the  In  diffusion  of  Titanium  In  LINbO, 
Crystals  to  create  the  guides.  We  shall  discuss  elements  such  as  phase  modulators,  amplitude  modulators  and 
switches.  Recent  experimental  results  concerning  their  caracterlsatlon  and  performances  will  be  presented. 

I-  INTRODUCTION. 


Electrooptica  I components  play  a very  Important  role  In  classical  optics  and  since  the 
beginning  of  Integrated  optics  It  has  been  recognized  that  modulators  or  switches  that  use  the  electro- 
optical  effect  and  realized  In  an  optical  Integrated  form  would  lead  to  very  low  drive  power  and  high 
potential  bandwith  components.  As  a matter  of  fact  the  basic  principle  of  the  electrooptica  I effect  Is 
the  Induced  change  In  the  refractive  Indices  of  a material  under  the  application  of  an  electric  fleld.Thus, 
after  an  Interaction  length  L the  light  propagating  In  the  medium  undergoes  a phase  shift  that  Is  propor- 
tional to  L and  to  the  InOuced  refractive  Index  change  Aft: 


( 


A oJ  - ^ 

A 

Where  Is  the  wavelength  of  the  light  In  vacuum.  In  this  paper,  we  shall  consider 
only  the  linear  electrooptical  effect  In  which  Atls  proportional  to  the  applied  electric  field  Thus 
If  the  field  is  created  by  applying  a woltage  to  two  electrodes  spaced  by  ^ we  get 


A cL 

Where  B Is  proportional  to  the  appropriate  electrooptical  coefficient  of  the  material 
used  In  the  experiment. 

The  voltage  used  to  create  a T)  phase  shift  : 

J Vfl  a (>Ab)  4i 

Is  then  proportional  to  the  geometrical  factor  A ^ ' C- 


j j In  classical  optics  this  ratio  Is  limited  by  light  diffraction  to  values  of  the  order  of 

■55  rarbut  this  Is  not  the  case  In  Integrated  optics  where  ratios  of  the  order  of  yiOOO  or  1/ipoOO 
can  reMI  ly  be  obtained  ( for  example  a 2^um  wide  and  1 cm  long  waveguide  leads  to  ^ lo”’  ) 

leading  to  very  low  driving  voltages. 

These  great  advantages  exist  only  If  channel  waveguides  are  used  and  so.  In  this  paper  we 
shall  consider  only  modulators  realized  with  these  sort  of  guides. 

Another  Important  point  Is  the  material  problem-Among  the  electrooptical  materials 
known  to  day,  LINb03  crystal  seems  to  be  a very  good  candidate  because  Its  very  good  optical  properties, 
high  electrooptical  coefficients  and  the  possibility  to  create  relatively  easily  very  good  optical  waveguides 
( losses^l  dB/cm  ) with  It.  As  a consequence  we  shall  concentrate  the  discussion  on  the  realization  of 
electroo^lcal  components  using  channa I guides  In  LINbO,  crystals.  To  begin  with  we  shall  discuss  the 
fabrication  problems  and  then  describe  practical  realization  of  some  electrooptical  components  namely  : 
a phase  modulator,  an  amplitude  modulator  and  a switch  based  or  the  d I rect I ona I coupler  configuration. 


II  - WAVEGUIDE  FABRICATION. 

Several  methods  have  been  proposed  to  realize  waveguides  with  crystals  like  LINbO,  Inclu- 
ding : 

out-diffuslon  ( KAMINOW,  I.P,  1973  ) 

hetero-hep  I taxy  ( MIYAZAWA.S,  1973  ) and  the  techniques  of  metal  In 'diffusion  which  was  first  demons- 
trated by  Hammer  and  Phillips,  using  niobium  diffusion  In  LITa-,  ( HAMMER,  J.M,  1974  ) and  then,  by 
KAMINOW  In  LINbOj  , using  warlous  metals  ( Tl  )(  KAMINOW,  T.P, 1974  ) 

Metal  In-diffuslon  can  lead  to  monomode  waveguides  with  very  low  losses  and,  as  tt  Is  very 
easy  to  mask  It,  It  seems  to  be  the  most  promising  method  to-day. 

As  a consequence,  we  use  It  Intensively, and  all  the  waveguides  used  In  the  different 
switch/modulator  configurations  we  shall  describe  In  this  paper  have  been  realized  by  Tl  In  diffusion 
In  LINb03  crystals. 

• 

The  general  fabrication  process  Is  as  follows  : 900  A Titanium  film  Is  sputtered 
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on  a LINb03  substrate.  The  desired  circuit  drawing  Is  then  realized  In  the  metal  film  by  masking  and  Ion 
etching.  After  cleaning,  the  sample  Is  Introduced  In  an  oven  to  perform  the  diffusion  process  for  several 
hours  at  a temperature  of  1000®C  and  under  an  oxygon  atmosphere.  Very  good  quality  ( losses^  I dB/cm  ) 
monomode  waveguides  can  readily  be  obtained  with  such  a process,  and  complex  circuitry  realized.  To  apply 
the  electric  field  In  olectrooptical  components  electrodes  are  needed.  They  are  realized  by  sputtering 
2000  A of  gold  on  the  substrate  and  by  using  superposition,  optical  masking  machines  and  Ion  etching. 

The  modulator/switch  Is  then  ready  for  electrooptica  I tests. 

Having  described  the  techniques  used  to  create  electrooptica  I channel  waveguides  In 
LINb03,  we  shall  now  give  some  results  obtained  In  our  laboratory  during  the  realization  of  different 
electrooptica  I components.  To  begin  with  the  simplest  one  we  shall  discuss  In  the  next  part  a phase  modula 
tor  with  low  drive  power  and  high  electrical  bandwidth. 

I I I - PHASE  MODULATOR. 

In  this  section,  we  shall  describe  the  performances  of  an  olectrooptical  phase  modulator. 
The  waveguide  configuration  Is  shown  on  figure 'and  consists  of  a S/um  wide  and  1,5  cm  long  waveguide 
realized  with  the  process  described  In  section  II.  Larger  sections  have  been  realized  at  the  Input  and  out 
put  of  the  guide  to  facilitate  the  coupling  and  recouplIng  of  the  light,  which  Is  achieved  with  rutile 
prisms. 


The  electric  field  Is  applied  parallel  to  the  C axis  via  two  gold  electrodes  spaced  by 
5,um  and  placed  on  either  side  of  the  waveguide.  As  we  have  already  seen  In  section  I,  the  application 
OT  an  electric  field  Induces  a change  In  the  Index  of  refraatlon,  and  so,  the  voltage  required  to  make 

a TT  phase  shift  ( for  a TE  polarized  guided  light  In  our  case  ) Is  : 

Where Is  the  wavelength  In  vacuum,  n the  extraordinary  Index  of  LINbO,  r--  the  elec- 
trooptlcal  coefficient  used  In  the  experiment,  d the  spicing  between  the  two  electrodes  and  A the  factor 
that  takes  Into  account  the  effective  electric  field  and  the  fact  that  the  variation  In  the  propagation 
constant  Is  no  exactly  to  Ail  .By  using  the  numerical  values  of  the  experiment,  we  get  : 

« 0,6  Volt*  (IF  = 4 ,>sO,6326/u) 

To  detect  the  (tose  modulation  of  the  out-going  light  we  have  used  the  following  method  : 
we  analyze  the  frequency  spectrum  of  the  modulated  light  and  compare  the  relative  heights  of  the  sidebands 
created  when  a sinusoidal  voltage  Is  applied  to  the  electrodes.  The  corresponding  set-up  shown  In  fig. 2. 
The  optical  spectrum  analyser  Is  simply  a scanning  Fabry  Perot  Interferometer  and  the  spectrum  Is  displa- 
yed on  an  oscilloscope  after  detection  with  a photomultiplier.  This  method  permits  the  detection  of  a 
high  frequency  phase  modulated  light  at  a very  low  frequency,  which  Is  the  scanning  frequency  of  the 
Interferometer.  Using  this  technique,  the  performances  of  the  phase  modulator  have  been  measured  : 

- the  command  voltage  for  a TT  phase  shift  Is  0,9  volts  ( Indicating  a A factor  of  about  0,66  ) 

- the  bandwidth  Is  600  MHz  using  a 50IL  load. 

These  experiments  demonstrate  the  possibility  of  realizing  high  performances  phase 
modulators  In  Integrated  optics  but.  In  general,  amplitude  modulators  are  preferred.  An  example  of  such 
a circuit  Is  described  In  the  next  section. 


IV-  AMPLITUDE  MODULATOR. 

When  a phase  modulator  Is  realized,  a simple  way  of  obtaining  an  amplitude  modulator 
Is  to  make  an  Interferometer.  An  Integrated  Interferometer  configuration,  first  demonstrated  by  OfWACHI, 
Is  shown  In  fig.  3.  (0HMACHI,Y,I975).  The  light  Incident  In  guide  I Is  splitted  Into  two  parts  by 

branch  Bl.  Then  light  propagates  In  the  two  arms  ( guides  2 and  3 ) Branch  B2  combines  the  light  coming 
from  these  two  arms  In  guide  4. 


I f and 
field  Is 


If  El  and  E2  are  the  electric  fields  of  the  waves  at  the  beginning  of  the  two  arms,  thus 
are  the  phase  shifts  undergone  by  the  guided  waves,  after  recombination  In  branch  2,  the  total 
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and  the  Intensity  In  guide  4 Is  proportional  to  : 


So  we  can  soo  that,  by  Inducing  phase  shifts  In  the  two  arms,  the  output  light  Is  ampli- 
tude modulated.  With  this  configuration  O^flACHI  et  al  got  34<  extinction  ratio,  with  19  Volts  using 
20^um  wide  rigde  guide  and  4 mm  long  electrodes. 

kte  have  realized  such  a structure  with  monomode  waveguides  having  a width  equal  to  2. urn 
the  length  of  the  arms  being  5 mm.  Opposed  phase  shifts  are  Induced  In  each  arm  via  electrodes  spaced 
by  5^um  . A typical  result  Is  shown  In  figure  4 where  we  can  son  the  sinusoidal  response  of  the  modulator 
when  a linear  varying  voltage  Is  applied  to  the  electrodes. 
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In  this  case  a 95<  extinction  ratio  has  been  measured  and  the  command  voltage  Is  1.1 
volt  for  Aa  QSmS/u 

Up  to  now,  we  have  described  relatively  simple  and  classical  circuits  realized  In 
an  Integrated  form.  But  Integrated  optics  permits  the  realization  of  more  complex  components  that  could 
even  not  be  Imagined  In  classical  optics  ; one  Is  described  In  the  next  section  : the  directional  coupler 
swi tch. 

!►  V - THE  DIRECTIONAL  COUPLER  SWITCH. 

Components  capable  of  switching  the  light  from  one  channel  guide  to  another  would  be  of 
great  Interest  Several  configurations  have  already  been  proposed  to  realize  that  ( 2ERNIKE,  F,  1974  ; 

MARTIN  W E,  1975  ! KURA20N0  , S,  1972  ) but  one  of  the  most  promising  to  day  seems  to  be  the  directional 
coupler  switch  the  principle  and  realization  of  which  we  shall  now  describe. 

a)  Principle  of  the  directional  coupler  switch. 

It  Is  now  well  kuown  that,  If  two  lossless  waveguides  are  coupled  ( fig  5 ) and  If  light 
Is  Incident  In  one  of  them,  energy  exchange  occurs  and  If  the  waveguides  are  resonant  ( le  If  the  two  pro- 
pagation constants  ^1  and  p2  of  the  coupled  modes  are  equal  ) TOOf  of  the  energy  can  be  coupled  from  one 
guide  to  the  other.  The  minimum  length  required  to  achieve  this  Is  called  the  coupling  length  If  we 
are  able  to  change  the  propt^tles  of  the  coupler  we  can  choose  the  guide  by  which  the  light  will  leave  the 
circuit.  To  do  this  It  can  be  shown  that  the  best  way  Is  to  destroy  the  resonance  between  the  guides  by 
Introducing  assymetric  changes  In  the  propagation  constants  of  the  two  modes.  This  Is  shown  on  fig  5 where 
the  energy  In  the  originally  excited  waveguide  has  been  plotted  versus  the  propagation  length  In  two  cases: 

and  eVix  where  c Is  the  coupling  constant  . We  see  from  these  curves  that  when 

the  coupling  length  Is  shortened  and  the  maximum  energy  that  we  can  exchange  Is  less  than  100$ 

Therefore  by  passing  from  the  resonant  to  the  non  resonant  case  and  by  choosing  the  correct 
length  of  the  coupler  ( L • ( 2 ro  ■»  I 1 Lo  where  m Is  an  Integer  ) light  can  be  switch  from  one  guide  to 
the  other.  The  resonance  can  be  destroyed  electrooptical ly  by  applying  opposed  electric  fields  to  the  two 
guides  ( In  order  to  maximl  ).  This  can  be  done  by  using  either  the  three  electrodes  or  COBRA  confi- 
guration ( PAPUCHON,  M,  1975  ) shown  In  fig  6.  With  the  latter  only  two  electrodes  are  needed  to  create 

opposed  electric  fields  In  the  two  guides  ( by  using  vertical  components  of  the  field  ) 

Light  switching  can  readily  be  achieved  In  this  way  ( PAPUCHON,  M,  1975  1 

but  It  is  very  difficult  to  get  one  hundred  percent  switching  as  we  have  to  control  perfectly  the  dlffe- 

, rent  parameters  In  order  to  achieve  the  correct  length  of  the  coupling  region  ( L ■ ( 2 m ♦ I ) Lo  ) To 

overcame  this  difficulty  KOGELNIK  and  SCfWIDT  ( KOGELNlK,  H 1976  ) proposed  a configuration  ( fig  7 ) 
where  the  resonance  Is  destroyed  with  opposite  signs  In  each  half  of  the  coupling  region  , le  , If  I 
and  II  are  the  two  guides  we  get  : 

first  half  second  half 

guide  I : — C-An.^  + 6 Cf  An) 

gulden:  tAflf+ax) 

In  this  way  they  showed  that  the  two  states  of  the  coupler  can  be  adjusted  electrooptlcal- 
ly  In  many  cases.  Having  describe  the  principles  of  operation  of  the  switch  we  shall  now  give  some  results 
that  we  have  obtained  during  Its  realization. 

b)  Experiments. 

To  realize  the  switch  we  have  used  the  processes  already  described  In  section  I the 
electrodes  being  the  COBRA  ones  with  the  Kogelnik  configuration  to  get  the  two  switching  states  electri- 
cally. A c cut  plate  of  LINbOj  crystal  Is  then  used  In  this  case  and  the  rjj  electrooptical  coefficient 
Is  used  via  the  vertical  components  of  the  field  and  TM  polarized  guided  waves. 

The  geometrical  parameters  of  the  coupler  used  In  the  experiment  are  : 

- width  of  the  guides  : 2,um 

- spacing  : 3/um 

- length  of  the  coupling,  region  : 3 mm 

The  measured  switching  voltages  are  : 

- 5 volts  to  switch  the  light  from  the  originally  excited  waveguide  to  the  other 

- 9 volts  to  maintain  the  light  In  the  originally  excited  waveguide. KOGELNIK  configuration  has  been 
used  In  the  first  case  and  the  normal  COBRA  configuration  In  the  second  one .Crosstalks  of  20  dB  have  been 
measured  In  the  two  states  of  the  switch.  When  one  switch  Is  made  we  can  try  to  Integrate  several  ones 

to  create  more  complex  functions.  In  our  case  two  COBRA  have  been  realized  In  a serial  configuration 
( fig  b ) to  obtained  a 2 Input  to  three  output  circuit.  Crosstalks  of  18  dB  have  been  measured  In  this 
case. 

VI  - CONCLUSION. 

In  this  paper,  several  electrooptical  components  for  Integrated  optics  have  been  descri- 
bed. The  use  of  channel  waveguides  realized  using  Tl  : diffusion  In  LINbO,  crystals  shows  that  even  If 
much  work  Is  required  to  optimize  the  different  configurations  high  performances  electrooptical  components 
can  readily  be  obtained  In  an  optical  Integrated  form. 
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Fig.1-  Phase  modulator  configuration 


Fig. 2-  Sot  up  used  to  test  the  phase  modulator 
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Fig.5-  Energy  In  the  originally  excited  waveguide  of  a directional  coupler  versus  coupling 
section  length,  for  — * v'^  and  a0  = o(  C ■ coupling  constant  ) 


ELECTRICALLY  SWITCHED  COUPLERS 


CLASSIC  COBRA 
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Fig.6-  Two  possible  electrodes  configuration  to  destroy  the  resonance  In  the  directional 
coupler  : a)  three  electrodes  configuration 
b)  C06RA  cortf Igurat Ion 
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SUMMARY 


When  bulk  acoustic  waves  are  applied  to  an  optical  waveguide,  several  modulation 
effects  are  observed  depending  upon  the  type  of  wave  (longitudinal  or  shear).  Longitu- 
dinal sound  waves  frequency-shift  the  guided  light,  thus  providing  a means  of  modulating 
light  In  a wide  variety  of  waveguide  materials.  Using  thln-fllm  mosaic  acoustic  trans- 
ducer technology,  we  have  demonstrated  such  modulation  at  frequencies  In  the  gHz  region. 

By  segmenting  the  acoustic  transducer  electrodes,  the  same  arrangement  can  be  used  for 
deflecting  the  light  since,  with  this  arrangement,  the  acoustic  field  sets  up  a time- 
varying  grating  whose  spatial  frequency  Is  set  by  the  segment  spacing.  Theoretical 
frequency  limitations  on  these  devices  do  not  appear  to  be  Important  until  approximately 
30  gHz  Is  reached,  thus  they  are  potentially  useful,  for  extremely  wlde-band  data  links. 
Experiments  at  1.5  gHz  show  30il  bandwidth  of  acoustic  modulation  using  optical  heterodyne 
detection. 

1.  INTRODUCTION 

High  data  rate  modulation  of  guided  light  Is  one  of  the  basic  future  applications 
of  Integrated  optical  devices.  In  addition  to  the  obvious  use  In  optical  communication 
links,  high  speed  modulators  or  deflectors  can  be  expected  to  contribute  to  other  Inte- 
grated optic  signal  processing  functions  such  as  heterodyne  detection.  Acoustooptic 
modulation  possesses  a considerable  advantage  over  competing  technologies  such  as  electro- 
optic modulation,  particularly  when  a hybrid  fabrication  approach  Is  taken  (Brandt  et  al.. 
I976K  Since  all  optical  materials  exhibit  an  acousto-optic  effect  to  some  degree, 
waveguide  materials  are  not  limited  to  those  which  possess  a particular  property, 
possibly  one  which  requires  fabrication  of  a single  crystal  film.  Thin  film  transducer 
technology  has  made  possible  the  fabrication  of  reasonably  high  Impedance,  efficient 
transducers  operating  In  excess  of  5 gHz.  At  such  high  frequencies,  all  materials 
attenuate  acoustic  waves  by  an  amount  which  Increases  with  frequency.  This  attenuation 
sets  a practical  upper  limit  to  the  frequency  at  which  bulk  and  surface  acoustic  wave 
modulators  and  signal  processors  can  operate;  typically  this  limit  Is  on  the  order  of  a 
few  hundred  mHz.  On  the  other  hand,  thin  film  bulk  wave  modulators  are  not  limited  by 
attenuation  until  frequencies  or  the  order  of  tens  of  gHz  are  reached,  by  virtue  of  the 
fact  that  the  acoustic  path  through  the  waveguide  Is  short  (on  the  order  of  micro-meters 
In  length).  In  the  following  -ectlons  we  will  describe  the  nature  of  the  Interaction, 
the  technology  required  to  make  ti  In  film  transducers,  performance  of  experimental 
devices,  and  promising  directions  for  future  aopllpatlons . 

2.  BULK  ACOUSTIC  INTERACTION  WITH  GUIDED  LIGHT 

2.1.  Phase  Modulation 

Unlike  the  more  common  bulk  or  surface  acoustic  wave  modulators  In  which  the 
sound  propagation  path  extends  over  the  full  optical  aperture  of  the  device,  bulk  guided 
waves  require  only  that  the  sound  traverse  a relatively  short  region  In  the  waveguide 
(Brandt  et  al. . 1973).  Figure  1 shows  the  layout  of  these  devices.  Light  of  wavelength, 
X,  Is  confined  to  a waveguide  of  thickness,  t,  deposited  on  a substrate  such  as  glass. 

An  acoustic  transducer  Is  bonded  or  deposited  on  the  top  surface  of  the  guide  after  an 
optically  Insulating  layer  of  low  refractive  Index  has  been  deposited  on  the  guide  to 
eliminate  loss  caused  by  the  metal  ground  electrode  on  the  transducer.  This  layer  Is 
not  shown  In  Figure  1,  nor  Is  a similar  layer  between  the  waveguide  and  substrate  which 
Is  required  when  a conducting  substrate  (such  as  SI)  Is  used.  For  frequencies  less  than 

5 gHz,  the  acoustic  wavelength.  A,  Is  much  longer  than  the  waveguide  thickness.  Thus, 
at  these  frequencies,  the  sound  wave  simply  modulates  the  refractive  Index  of  the  wave- 
guide periodically  with  the  acoustic  frequency.  The  amount  of  optical  phase  change,  ♦, 
caused  by  the  acoustic  wave  Is 

* • 2wL  A8/X  1) 

where  L Is  the  length  of  the  transducer  under  which  the  light  propagates  and  ab  Is  the 
change  In  the  propagation  constant  of  the  guided  light.  AB  Is  equal  to  3B/3n'An  where 

6 Is  the  propagation  constant  In  the  particular  mode  of  operation.  Since  the  refractive 
Index  changes  are  small,  BB/an  will  be  a constant,  b,  for  any  given  waveguide  and  mode. 
Thus  AB  Is  proportional  to  An  which  In  turn  Is  a function  of  the  waveguide  refractive 
Index,  n,  the  photo-elastic  constant,  p,  and  the  strain  amplitude,  e,  through  the  relation 

AB  « An  ■ - b n^  p e/2  . 2) 

Equations  1)  and  2)  can  be  used  to  calculate  the  peak  value  of  the  phase  excur- 
sion Induced  by  an  acoustic  wave  on  an  optical  wave  contained  In  a waveguide  mode.  This 
phase  modulation  can  be  calculated  by  considering  (Christensen  et  al . . 1975)  a guided 
wave  with  amplitude  A of  the  form 


A ■ Aq  ^ ■ “e  3) 

where  A is  the  amplitude  and  u is  the  frequency  of  the  light  beam.  Acoustic  modulation 
with  a Bulk  wave  simply  adds  a phase  term  to  equation  3)  which  varies  In  time  with  the 

acoustic  frequency  ui^.  Now  the  modulated  light  Is  of  the  form  A' 

A'  « A^  exp  1 (Bx  + ^ cos(u)^t)  - u^t)  , ) 

It  Is  well  known  (ITT, 1968)  that  a signal  of  this  form  can  be  described  as  a carrier  at 
the  center  frequency  ui,  plus  an  Infinite  number  of  sidebands  at  frequencies,  for  the 
m’th  sideband,  equal  to  u,  ± mui  . The  amplitude,  A , of  each  of  these  sidebands  Is 
given  by  t a m 

*m  ’ *0  tn  < 0;  A„  - A^  !„,(♦),  m > 0 5) 

where  J is  the  Bessel  function  of  the  first  kind  of  order  m.  For  small  phase  excursions 
corresponding  to  low  depth  of  modulation,  only  the  first  sidebands  are  Important.  In 

this  limit,  equation  4)  can  be  simplified  to  the  form  of  a carrier  plus  two  sidebands, 

namely 

A'  « A^  exp(iax)[oos(uijt)  - ^ oos(wj^-u)^)t  + cos  (u^+u^)!]  6) 

namely  a propagating  wave  which  Is  time  modulated  at  the  carrier  frequency  w , plus  two 
sidebands  at  frequencies  uijj  from  the  carrier.  Each  of  the  sideband  amplitudes  Is 
proportional  to  i/i!  thus  ^ takes  on  the  significance  of  the  modulation  Index  in  ampli- 
tude modulation.  Each  sideband,  for  the  small-modulation  case,  has  a power  relative  to 
that  of  the  carrier  which  Is  proportional  to  ♦‘^/4  and  the  light  In  the  downshifted  side- 
band has  a phase  shift  of  * relative  to  that  In  the  upper  sideband. 

At  large  values  of  ^ (large  L or  high  acoustic  fields),  many  sidebands  are  pre- 
sent and  equation  5)  must  be  used  to  describe  the  modulation.  In  addition,  at  high 
fields,  the  Interaction  exhibits  a geometrical  dependence  (Brandt  et  al. . 1973,  Christensen, 
1975).  Various  portions  of  the  guided  light  beam  experience  differing  degrees  of 
modulation;  this  leads  to  amplitude  modulation  In  the  output-coupled  spot  which  Is  a 
function  of  position  from  the  spot  center.  This  effect  Is  observed  only  at  high  acoustic 
fields  and  Its  explanation  must  include  the  effects  of  geometrical  spreading  of  the 
guided  light.  It  is  not  a particularly  useful  effect  for  modulation  because  of  Its 
appearance  only  at  high  acoustic  powers. 

2.2.  Deflection  with  Segmented  Transducers 

Up  to  this  point,  our  analysis  has  assumed  that  the  sound  field  Is  uniform  In 
Its  Intensity  across  the  optical  aperture.  An  alternative  mode  of  operation  achieves 
deflection  by  segmenting  the  electrode  structure  as  shown  In  Figure  2.  When  the  top 
electrode  of  the  transducer  consists  of  a fine  bar  pattern  with  spacing,  s,  the  piezo- 
electric film  forming  the  transducer  is  excited  only  In  the  area  under  the  electrode 
structure.  Thus  the  Incident  light  beam  sees  a spatially  varying  sound  field  which 
acts  as  a time-varying  grating  of  spatial  frequency  l/s.  This  mode  Is  very  similar  to 
the  Bragg  electro-optic  modulator  (Hammer  et  al. . 1973).  When  sound  Is  applied  to  the 
waveguide  with  a grating  structure,  the  Incident  guided  wave  will  be  diffracted  In  the 
plane  of  the  waveguide  Into  various  diffraction  orders  at  angles  where 

sin  *_  “ mX/s  . 7) 

n 

If  the  transducer  Is  long  with  respect  to  the  electrode  spacing,  l.e. . if 

2wAL/a^  >>  1 8) 

the  operation  Is  In  the  Bragg  diffraction  regime  In  which  most  of  the  light  Is  diffract- 
ed Into  the  m'th  order  when  the  guided  light  Is  Incident  at  e from  equation  7).  For 
short  L,  the  diffraction  Is  the  same  as  that  from  a thin  phase  grating  and  analysis  Is 
Identical  to  the  phase  modulation  case  treated  above.  A spatial  variation  of  phase  re- 
places the  time  variation  In  equation  4),  the  relative  amplitudes  of  the  spatially 
separated  diffraction  orders  are  given  by  equation  5),  and  again,  the  value  of  i 
corresponds  to  a modulation  Index  which  gives  a quadratic  dependence  of  power  In  the 
first  orders  for  small  #.  If  L Is  large,  equation  5)  represents  the  ratio  of  the  am- 
plitude In  the  m'th  order  relative  to  that  In  the  zero  order.  Experimentally,  we  have 
demonstrated  this  type  of  deflection  In  sputtered  7059  glass  waveguides  using  segmented 
transducers  with  25  micro-meter  spacing  (Gottlieb,  1975). 

2.3.  Mode  Conversion  and  Anisotropic  Diffraction. 

When  shear  acoustic  waves  ar*e 'applied  to  a guided  wave,  conversion  between  TE 
and  TM  modes  Is  observed  (Brandt  et  al..  1973,  Shah,  1973).  This  effect  results  from 
the  stress-induced  birefringence  caused  by  the  shear  wave  and  Is  consistent  with  the 
more  familiar  bulk  case  In  which  diffracted  orders  take  on  the  orthogonal  polarization 
to  that  of  the  Incident  light.  Analysis  of  diffraction  by  an  acoustic  shear  wave  In 
blrefrlngent  media  (Dixon,  1967)  leads  to  the  anisotropic  Bragg  relations  between  angles 
of  incidence  and  diffraction  which,  in  contrast  to  the  isotropic  case,  are  different 
from  one  another.  A waveguide,  even  If  It  is  fabricated  of  an  Isotropic  material.  Is 
intrinsically  blrefrlngent  since  the  TE  and  TM  modes  have  different  propagation  constants. 
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We  have  extended  Dixon's  formulation  (Gottlieb,  1976)  to  Include  the  coupling  of  two 
orthogonal  waveguide  modes  by  the  grating  Induced  by  a spatially  periodic  shear  acoustic 
wave.  Conservation  of  momentum  dictates  a'  relationship  between  the  Incident  and  diffrac- 
ted propagation  vectors,  S,  and  6',  and  the  momentum  transfer  characteristic  of  the  grat- 
ing, 1*1  ■ 2w/s  as 

K’  - I ♦ . 9) 


Note  that  X Is  not  variable  with  acoustic  frequency  but  Is  fixed  by  the  spacing  of  the 


transducer  elements. 


sin  • 


sin  0 ' 
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For  diffraction  In  a waveguide,  the  anisotropic  Bragg  relations  are 

10) 


b2-b'2 

1 ♦ ^ I-' 


1 - 


11) 


where  e and  0'  are  the  angles  of  Incidence  and  diffraction  measured  from  the  normal  to 
the  grating.  A plot  of  equations  10)  and  11)  for  a typical  waveguide  (Corning  7059 
glass  sputtered  on  a microscope  slide  substrate)  Is  shown  In  Figure  3.  For  large  K,  the 
first  term  In  brackets  In  equations  10)  and  11)  dominates  and  diffraction  Is  the  same  as 
the  Isotropic  Bragg  case  and  0 ■ s'.  For  small  K (large  spacing,  s)  the  second  term  pre- 
dominates and  there  Is  a minimum  value  of  K for  which  0 ■ -0'«i,/2.  At  this  point,  the 
three  vectors  In  equation  9)  are  colllnear  and  the  relationship  reduces  to  a simple 
scalar  one 


s • 2»/(B'-B)  . 12) 

At  this  angle  there  will  be  no  deflection  of  the  light  beam  and  the  effect  of  the  grating 
Is  to  produce  mode  conversion  between  TE  and  TM  modes  of  the  guided  light.  Operation 
under  these  conditions  was  demonstrated  by  Shah  (Shah,  1973)  who  observed  that  there  Is 
an  optimum  spacing  between  transducer  segments  for  efficient  TE-TM  mode  conversion. 

Another  Interesting  point  occurs  at  0'  “0  where 

K - . 13) 

At  this  point  there  Is  a minimum  In  0 and  Its  value  Is  given  by 

sin  0 ■ K/6  . 14) 

In  some  applications  It  may  be  useful  to  operate  devices  near  this  minimum  value  In  order 
to  take  advantage  of  the  Insensitivity  of  angle  to  change  In  grating  spacing. 

3.  TRANSDUCER  DESIGN  FOR  HIGH  FREQUENCY  PHASE  MODULATORS 

At  glga-Hertz  frequencies,  transducer  design  becomes  an  extremely  Important  part 
of  any  acousto-optic  or  acoustic  device.  The  main  problem  at  these  frequencies  Is  that 
for  conventional  transducer  size  and  shape,  the  transducer  Input  Impedance  at  the  half- 
wave resonant  frequency  Is  very  low  (Z  ■ 0.1  - 1/1.0  ohms  for  a transducer  of  lateral 
area  ■ 1 mm^).  Since  there  Is  electrical  loss  In  the  contacts  to  the  transducer.  In  the 
metal  films  used  as  electrodes,  and  In  the  matching  network.  If  used,  a fairly  low  power 
conversion  from  electrical  to  acoustical  energy  can  be  expected  from  such  a low  Impedance 
device.  In  order  to  Increase  the  Input  Impedance  of  the  transducer  at  high  frequencies 
without  reducing  the  bandwidth,  we  use  a mosaic  transducer  design  (Welnert  et  al. . 1972). 

The  geometry  of  the  mosaic  transducer  Is  shown  schematically  In  Figure  It  can 
be  shown  (Welnert,  1977)  that  the  Input  Impedance  of  a transducer  goes  up  as  the  lateral 
area  goes  down.  When  small  lateral  area  transducers  are  put  Into  an  array  as  shown  In 
Figure  i»,  the  diffraction  spread  of  the  zero  order  acoustic  beam  In  the  far  field  la 
that  due  to  the  overall  size  of  the  transducer  and  not  that  of  the  Individual  element 
size.  In  the  near  field,  the  acoustic  beam  Is  an  array  of  the  small  Individual  beams. 

By  adjusting  the  element  size,  number,  and  Interconnection  pattern,  the  Input  Impedance 
of  a mosaic  transducer  cc.n  be  tailored  to  approximately  match  conventional  RF  sources. 

For  our  experiments  we  used  a 16  element,  series  connected  mosaic  transducer. 

The  piezoelectric  film  was  RP  sputtered  ZnO  approximately  1.25  micro-meters  thick.  When 
this  structure  was  fabricated  on  a glass  waveguide,  the  peak  response  was  at  1.5  gHz 
and,  at  this  frequency,  the  calculated  value  of  transducer  Input  Impedance  Is 
Z ■ 20  - 1 40  Ohms.  Also,  the  calculated  resistance  of  the  metal  films  Is  9 Ohms  and 
this  resistance  Is  In  series  with  the  transducer  Impedance.  A 1.6  micro-meter  thick 
SIO2  film  Isolated  the  bottom  Al  metal  electrode  from  the  guiding  layer.  Because  of 
acoustic  reflections  at  the  SlOp  boundaries,  this  film  can  have  an  Influence  on  Impedance. 
However  at  1.5  gHz,  this  thickness  of  SIO2  Is  acoustically  transparent  because  It  Is  one- 
half  of  an  acoustic  wave  thick.  Figure  5 Is  a photograph  of  the  completed  transducer 
on  a sputtered  glass  waveguide. 


PERFORMANCE  OF  DEVICES 


Efficiency  and  Power  Limits 


For  both  acoustic  phase  modulators  and  deflectors,  the  amount  of  light  In  either 
the  m'th  frequency  sideband  or  the  m'th  diffraction  order  is  proportional  to  the  s<quare 
of  the  Bessel  function  of  order  m and  argument  the  optical  phase  excursion  Induced  by 
the  sound  wave.  In  order  to  define  modulation  efficiency  exactly.  It  Is  necessary  to 
specify  the  mode  of  operation  of  the  modulator.  For  example.  If  the  application  requires 
modulation  of  the  zero  order,  100!l  of  the  light  Is  removed  from  that  order  when  ^ takes 
on  a value  of  2.4  (that  argument  for  which  J-  • 0).  On  the  other  hand.  If  the  require- 
ment Is  to  maximize  the  amount  of  light  In  tne  first  order  or  sideband,  then  the  modula- 
tor should  operate  so  that  t » 1.8  where  has  Its  first  maximum.  At  ♦ •=  1.8,  IIX  of 
the  energy  remains  In  the  zero  order,  68)1  of  the  light  appears  In  the  two  first  orders, 
and  the  remaining  21S  Is  In  the  second  and  higher  orders  (sidebands).  By  comparison,  an 
electro-optic  modulator  has  maximum  contrast  when  the  phase  shift  Is  equal  to  a half 
wave,  l.e.,  ♦ • In  our  analysis  we  will  denote  the  maximum  value  of  ^ as  r,  recogni- 

zing that  r will  take  on  different  numerical  values,  depending  upon  the  application. 

When  the  bandwidth  of  the  acoustic  transducer  Is  not  a limitation  (In  practice 
bandwldths  of  100)1  of  the  operating  frequency  can  be  obtained  with  mosaic  designs),  the 
transit  time  of  the  sound  wave  across  the  waveguide  thickness,  T,  will  set  the  band- 
width limit.  This  frequency,  fmax  Is  Just  equal  to  v/T  where  v Is  the  acoustic  velocity. 
For  a waveguide  medium  with  an  acousto-optic  figure  of  merit  M2,  the  power  needed  to 
produce  a given  phase  excursion  ♦ » r Is  well  known  (Damon  et  al..  1970).  Taking  this 
expression  and  dividing  by  fmaxi  get  the  amount  of  power  per  unit  bandwidth  for  an 
acousto-optic  modulator  as 

V^max  * ^ 15) 

max  i4  L k^  V M, 

2 

where  w is  the  transducer  width  and  k Is  the  electro-acoustic  conversion  coefficient 
(typically  k^  ■ 0.1).  Equation  15)  shows  that  once  the  dimensions  of  the  transducer 
have  been  chosen  and  once  the  bandwidth  has  been  set  by  the  waveguide  thickness.  Im- 
provements In  performance  can  be  made  only  by  using  waveguide  materials  with  large  M-. 
Table  I shows  the  Influence  of  M2  on  modulation  power  requirements. 

TABLE  I;  POWER  REQUIRED  FOR  PHASE  MODULATOR 


Material 


Fused  quartz 
Niobium  Oxide 


Tl^AsS^ 


M2  (s-’/gm) 
1.56  X 10“^® 
16  X 10"^® 
35  X 10“^® 
433  X 10“^® 

800  X 10“^® 


These  efficiencies  are  estimates  for  a 1 cm  long  transducer  with  a value  of  r “ 1.8. 

The  last  material  shown  In  the  table,  Tl,AsS^  (Roland  et  al. . 1972)  Is  an  exceptionally 
good  acousto-optic  material  and  we  have  prepared  thin  films  of  It.  Unfortunately,  they 
are  not  yet  of  waveguide  quality;  waveguides  of  the  other  materials  have  been  prepared 
successfully. 

Figure  of  merit  plays  an  Important  role  in  another  limitation  of  acousto-optic 
modulators,  namely  the  maximum  achievable  modulation  set  by  thermal  damage  to  the  trans- 
ducer. A power  density  greater  than  approximately  10  to  20  W/om2  on  a transducer  will 
damage  it  due  to  thermal  and  electrical  breakdown  effects.  This  power  density.  In  turn, 
sets  a limit  to  the  maximum  practical  value  of  4 which  can  be  generated,  which  In  turn, 
sets  a maximum  to  the  modulation  depth.  Equations  1)  and  2)  can  be  used  to  predict 
the  maximum  phase  shift  when  the  transducer  Is  operated  at  a maximum  safe  power  loading. 
Phase  shift  Is  related  to  the  acoustic  power  density  P (Damon  et  al..  1970)  by 

« - 2xLAn/X  - - ^ ® ^ 16) 

[p  v'^ 

which  can  also  be  expressed  In  terms  of  Mj  and  electrical  power  Input  Pe  as 

♦ - ^ (2  M2  Pe  k2)^/2  ^ 

Taking  values  of  M2  from  Table  I and  assuming  maximum  electrical  power  loadings  of 
10  W/om2  and  1 W/cm^  we  show  in  Table  II  the  maximum  phase  shift  achievable  and  the  maxi- 
mum Intensity  In  the  first  diffraction  order  or  sideband. 
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TABLE  II: 

MAXIMUM  PHASE  SHIFT  AND  1st 

ORDER  INTENSITY 

Pe  • 10  W/cm^ 

Pe  - I W/cm^ 

P 

Material 

A 

^max 

•'I'^^max) 

*max 

Jl'(*max 

Fused  quartz 

0 

OD 

0.038 

0.16 

0.006 

0 

N‘>2°5 

1.55 

0.316 

0.49 

0.06 

1 

TeO^ 

2.29 

0.338 

0.72 

0.11 

1 

ASjSj 

8.05 

ft 

2.54 

0.338 

T^^AsS  || 

10.95 

ft 

3.46 

ft 

From  this  table  It  Is  clear  that  quartz  and  similar  glasses  are  not  very  good  material 
choices  since  only  3.8*  of  the  light  can  be  diffracted  or  frequency  shifted  even  at 
10  W/cm^,  On  the  other  hand,  materials  such  as  A32S3  and  TI3A8SJ4  provide  more  than 
enough  phase  shift  to  reach  the  first  maximum  of  Ji  even  at  I W/cm^.  Thus,  large  M2 
materials  for  waveguides  are  Important  both  for  wide  bandwidth  designs  and  highly 
efficient  designs. 


^.2.  Heterodyne  Detection 

Amplitude  modulated  signals  produced  In  the  diffraction  mode  of  operation  can  be 
detected  directly,  however  phase  modulated  signals  require  that  a reference  beam  be  pre- 
sent to  mix  witn  the  signal  In  order  to  detect  the  modulation.  In  the  laboratory,  the 
reference  signal  Is  readily  supplied  by  setting  the  modulator-waveguide  assembly  In  one 
leg  of  a Macn-iiennOer  interferometer.  With  prism  coupling  Into  and  out  of  the  waveguide, 
were  able  to  provide  satisfactory  matching  to  the  relatively  small  diameter  wavefront 
with  non-precision  optics  to  achieve  satisfactory  heterodyne  detection  over  the  detector 
area.  For  a detector  we  used  a PIN  diode  which  was  connected  Integrally  with  an  I8  dB 
gain  wideband  amplifier.  The  frequency  range  of  this  combination  extended  from  ^ to 
600  MHz,  thus  the  1.5  gHz  modulated  signal  could  not  be  detected  directly  with  this 
system.  As  a light  source  we  used  a Spectra  Physics  model  120  He-Ne  laser  which  operates 
with  several  longitudinal  cavity  modes  spaced  280  MHz  apart.  As  a result,  heterodyne 
detection  could  be  performed  with  no  frequency  shifter  In  the  reference  arm;  laser  cavity 
modes  produced  frequency  offsets  of  280,  560,  8^*0,  and  1120  MHz.  Using  the  various  com- 
binations of  these  we  were  able  to  verify  the  operation  of  the  1.5  gHz  modulator  over 
most  of  Its  designed  30X  bandwidth  from  approximately  1.2  to  1.7  gHz. 

5.  CONCLUSION 

We  have  fabricated  mosaic  bulk  acoustic  transducers  on  optical  waveguides  and 
have  demonstrated  phase  modulation  of  guided  light  at  frequencies  as  high  as  1.7  gHz. 
Using  these  techniques  It  appears  possible  to  reach  frequencies  In  excess  of  10  gHz 
before  fundamental  limitations  are  met.  At  higher  frequencies,  providing  that  transducer 
fabrication  can  be  accomplished,  transit  time  across  the  waveguide  will  limit  bandwidth. 
Acoustic  attenuation  does  not  become  a limiting  factor  until  the  30  to  50  gHz  range  of 
frequencies.  Heterodyne  detection  Is  necessary  at  gHz  frequencies  because  readily 
available  solid  state  detectors  are  limited  In  frequency  response  to  1 gHz  or  less. 
Integrated  optical  techniques,  particularly  hybrid  fabrication  on  various  electronic 
substrates  such  as  silicon  or  QaAs  should  offer  promising  solutions  to  realizing 
heterodyne  detection  on  a single  device.  High  frequency  modulators  and  detectors  will 
find  wide  applications  In  future  large  bandwidth  communications  and  signal  processing 
systems  for  aerospace  applications. 
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Figure  3.  Anisotropic  Bragg  diffraction  by  an  acoustic  grating.  Upper  curve  represents 
Incident  angle  and  lower  curve  the  diffracted  angle  for  the  deflected  propagation  con- 
stant larger  than  the  Incident. 


TRANSPUCEft  ELEMENTS  IN  SERIES  TO 
REDUCE  CAMOTANCE  AND  INCREASE  IMPEDANCE 


Figure  A.  Schematic  of  the  Interconnection  of  a mosaic  transducer. 


Figure  5.  Photograph  of  a 16  element  mosaic  transducer  on  a sputtered  glass  waveguide. 
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SUMMARY 


We  discuss  the  underlying  principles  and  describe  the  fabrication  and  operation  of  the  DBR  Injection 
laser,  a novel  semiconductor  laser  which  shows  great  promise  as  a source  for  Integrated  optics.  The  laser 
uses  two  corrugated  waveguides  at  the  ends  as  reflectors.  First,  the  effect  of  periodic  thickness 
variation  on  wave  propagation  Is  reviewed  and  the  dispersion  relation  for  the  eigen  Bloch  wave  Is  presented. 
This  presentation  Is  followed  by  a derivation  of  the  reflection  and  transmission  coefficients  of  the 
periodic-waveguide  (or  Bragg)  reflector.  Then  the  fabrication  procedures  and  the  operation  of  a DBR 
GaAs-Ga^  At^As  laser  are  described.  The  performance  of  the  laser  Is  analyzed  and  ways  to  optimize  the 
design  of  the  laser  for  single  mode  operation  with  appreciable  output  power  are  discussed.  Finally,  possible 
schemes  for  future  Integration  with  other  optical  components  and  for  direct  coupling  Into  optical  fibers 
are  proposed.  Possible  ways  to  fine-tune  and  Co  stabilize  the  laser  wavelength  are  also  suggested. 

1.  INTRODUCTION 

The  advent  of  low- loss  optical  fibers  (Maurer,  R.  D,,  1973)  has  brightened  prospects  of  integrated 
optical  communication  systems  and  given  Impetus  to  research  In  Integrated  optics  (Miller,  S.  E.,  1969). 
Incoherent  light  sources  such  as  LED's,  light  emitting  diodes  (Bergh,  A.  A.  et  al.,  1972),  are  limited  In 
their  uses  to  systems  of  low  Information-carrying  capacity  principally  for  two  reasons.  Firstly,  LED's 
are  broad-band  sources.  Light  waves  of  different  wavelengths  travel  in  an  optical  fiber  with  different 
velocities  because  of  the  variation  of  Index  of  refraction  with  wavelength  (material  dispersion).  Secondly, 
multimode  transmission  Is  necessary  because  the  amount  of  power  which  can  be  coupled  from  a LED  Into  a 
single-mode  fiber  Is  very  small.  Different  modes  propagate  with  different  velocities  (modal  dispersion)  even 
if  they  are  at  the  same  wavelength.  Both  material  dispersion  and  modal  dispersion  distort  the  shape  of 
an  optical  signal  and  thus  limit  the  Information  rate  of  an  optical  communication  system.  Coherent  light 
sources  are  needed  If  we  are  to  have  an  optical  signal  of  a narrow  bandwidth  to  be  propagated  In  a single- 
mode optical  fiber. 

There  are  three  Important  considerations  In  the  selection  of  a laser  for  use  as  the  source  In  fiber 
and  Integrated  optics:  low-loss  transmission  of  the  laser  beam  In  optical  fibers,  suitability  of  the  laser 
structure  for  future  Integration  with  other  optical  components  and  possibility  of  single-mode,  narrow-band 
operation.  Semiconductor  double-heterostructure  (DH)  Injection  lasers  with  periodic  waveguide  structures 
at  the  two  ends  serving  as  mirrors,  known  as  the  distributed  Bragg-ref lector  or  DBR  laser  (Wang,  S.,  1974), 
appear  most  promising  In  satisfying  all  the  three  requirements.  A semiconductor  DH  laser  (Hayashi,  I., 
et  al.,  1971)  is  one  In  which  the  active  region  Is  sandwiched  between  two  mixed  semiconductors  of  a 
different  composition  so  as  to  have  a larger  energy  gap  and  a smaller  Index  of  refraction  In  the  two  outer 
regions  than  In  the  middle  region.  Therefore,  a waveguide  Is  built  Into  the  laser  structure.  Furthermore, 
the  emission  from  the  laser  can  be  made  to  fall  In  one  of  the  low-loss  regions  of  optical  fibers  (Miller, 

S.  E.,  1973)  by  properly  choosing  the  composition  of  a mixed  compound  semlcondtictor  such  as  Ga^^^^Al^As. 

The  waveguldlng  structure  in  a DH  injection  laser,  if  extended  beyond  the  laser,  can  be  used  as  a 
common  waveguide  upon  which  other  optical  devices  can  be  built.  To  make  such  a laser  suitable  for  Integrated- 
optics  applications,  periodic  waveguides  are  Incorporated  Into  the  structure.  The  periodic  waveguides  In  a 
semiconductor  DH  DBR  Injection  laser  will  serve  the  same  function  as  mirrors  In  conventional  lasers,  but 
can  be  fabricated  on  a continuous  waveguldlng  structure  without  disrupting  the  structure.  The  name  "Bragg 
reflector"  Is  used  because  strong  reflections  from  the  periodic  waveguides  take  place  only  when  the  Bragg 
condition  Is  satisfied.  Such  a reflector  can  have  a bandwidth  sufficiently  narrow  for  the  laser  to 
operate  at  a single  wavelength.  In  this  paper,  we  first  review  the  underlying  principles  of  the  DBR  laser, 
then  describe  the  fabrication  and  operation  of  a GaAs-Ga^  At^As  DBR  injection  laser,  and  finally  discuss 
future  directions  for  further  development  of  the  DBR  Injection  laser  as  a source  for  use  In  Integrated 
optics. 

2-  WAVE  PROPAGATION  IN  PERIODIC  WAVEGUIDES 

The  pioneering  work  of  Kogelnlk  and  Shank  (Kogelnlk,  H.  and  Shank,  C.  V.,  1971  and  1973)  on  distributed 
feedback  (DFB)  laser  has  stimulated  a great  deal  of  Interest  In  Che  use  of  periodic  vaveguldea  In  different 
laser  structures  using  various  laser-active  materials.  Among  different  laser  structures,  the  multi-layer 
structure  using  periodic  thickness  variation  as  first  proposed  by  Wang  (Wang,  S.,  1972  and  1973)  Is  most 
suitable  for  Integrated  optics  because  the  scheme  can  be  easily  Implemented  In  Che  conventional  semiconductor 
DH  Injection  laser.  In  this  section,  we  review  the  essential  features  of  wave  propagation  In  a periodic 
waveguide  and  formulate  the  necessary  theoretical  background  for  an  analysis  of  the  DBR  laser. 

First,  we  consider  wave  propagation  In  a uniform  planar  waveguide  which  consists  of  a waveguldlng 
film  of  thickness  W and  with  refractive  Index  n.  sandwiched  between  a substrate  with  Index  n^  and  a super- 
strate  with  Index  n..  The  proper  mode  of  Che  planar  dielectric  waveguide  Is  governed  by  the  mode  equation 
(Tien,  P.  K.,  et  all,  1970): 

kji  - tan”^(e^p^/k^)  - tan“^(ejPj/k^)  - m^v  (1) 

where  k Is  the  transverse  wave  number,  p . Is  the  decsy  constant  of  the  evanescent  wave  In  the  substrate 
and  superstrata,  respectively,  e . Is  a ^Alarixatlon  factor  %flth  e .“1  for  TE  waves  and  j “ ^"f^^s  d^* 
for  TM  waves,  and  m Is  an  IntegSf  representing  the  transverse  mode  Aumber.  From  Eq.  (1),  w4  can  solve* 
k as  a function  of  W.  For  each  mode,  we  have  a characteristic  value  for  k and  corresponding  values  for 
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k and  p ..  Wave  propagation  In  Che  uniform  waveguide  la  described  by  Che  wave  equation 

Z 8 g Q 

d^E/dt^  - (g-lB)^E  - 0 (2) 

where  S • k^  la  the  longitudinal  wave  number  and  g la  a gain  constant  to  account  for  either  amplification 
(g^)  or  absorption  (g*^)  of  a wave  In  the  guide.  Each  mode  propagates  with  a distinct  B.  Because  all  Che 
modes  are  orthogonal,  there  Is  no  coupling  between  the  modes  In  a perfectly  uniform  dielectric  guide. 

Next,  we  conalder  wave  propagation  In  a waveguide  with  periodic  thickness  variation  (Fig.  1).  A 
change  In  thickness  from  U to  U^-t  produces  a corresponding  change  In  transverse  wave  number  from  k to 
k^-fdk^.  Expanding  Eq.  (1),  we  obtain 

Akj^  - (dkjj/dw)t  + - bj^t  + b^t^  (3) 


The  periodic  change  In  k , In  turn,,  results  In  a correpondlng  change  In  k with  &k  * -(k  /k  )Ak  . Under 
the  circumstance,  the  Imgltudlnal  wave  number  B has  a periodic  coiiq>onent^AB  superposed  on  t^e  constant 
value  Bq,  and  Eq.  (2)  can  be  rewritten  as 


- (g-iBQ)^E  - 4Bg[U^cos(q2KgX)]E 


(4) 


where  * x/A  and  A Is  Che  period  of  thickness  variation.  The  coefficient  k In  a Fourier  expansion  of 
AB  la  called  the  coupling  constant  because  It  Introduces  coupling  between  two’^waves  whose  wave  numbers 
differ  by  q2K^.  In  a DBR  or  DFB  laser,  Che  two  coupled  waves  have  their  wave  vectors  In  opposite  directions; 
therefore,  the  Bragg  condition  for  coupling  becomes 


ki  + kj 


q2K- 


(5) 


Since  the  operational  properties  of  a DBR  or  DFB  laser  are  dependent  on  the  coupling  strength,  we 
devote  some  discussion  to  the  computation  of  k . In  Fig.  2,  we  plot  Che  longitudinal  wave  number  B versus 
W curve  computed  for  three  transverse  TE  modes.  The  Index  values  chosen  as  n,  - 3.60  and  n^  , • 3.40 
correspond  approximately  to  the  values  In  a typical  CaAs  DH  laser.  Knowing  the  swing  In  AW, ’that  Is,  t^ 
aud  t.  In  Fig.  1,  and  Che  profile  of  the  thickness  variation,  we  can  construct  Che  B versus  z curve  and 
thus  find  the  coupling  constant  k.  for  use  In  Eq.  (4).  The  following  general  features  of  the  B versus  W 
curves  are  worth  noting.  First,  the  slope  of  the  curve  Increases  with  Increasing  transverse  mode  number 
m . Therefore,  higher  order  modes  have  a stronger  coupling  constant.  Second,  the  curve  deviates 
considerably  from  a linear  relation  especially  for  Che  m -2  mode.  Therefore,  the  B versus  z curve  will  not 
follow  exactly  the  grating  pioflle,  that  Is  the  W versus  i curve.  A practical  consequence  of  this  nonlinearity 
la  that  even  harmonics  of  %«1II  exist  even  for  gratings  with  symmetric  profiles. 

To  gain  physical  Insight  as  to  what  factors  control  the  coupling  constant,  we  use  Eq.  (3)  to  find 
an  analytical  expression  for  x for  two  simple  grating  profiles:  rectangular  and  symmetric  triangular.  If 
we  write  x_  as  ** 

q 


Chen  we  find:  for  the  rectangular  profile  of  width  2a, 


F • (2/qv)  aln(q2«a/A) 

q 

and  for  the  syawtrlc  triangular  profile. 


(6) 

(7) 

(8) 
(9) 


“ */(q»)  t q • odd 

“ I4/(q»)^J(bjAW/b^),  q - even 

In  Che  above  calculation,  fi  * fo  ~ Is  assumed,  that  Is,  the  unperturbed  waveguide  Is  taken  to  be 

midway  between  the  two  extrames.  In  Eq.  (6),  the  quantity  (k^/2BQ) (AW/V^^,)  Is  the  amplitude  (half  swing) 
of  Che  B change  produced  by  the  thlckneaa  change  (half  swing  ^ AWII),  based  on  Che  linear  relation 
Ak  • b.t  alone.  The  quantity  F la  the  Fourier  coefficient  of  the  B veraua  z curve  taking  Into  account 
bofh  llnaar  and  quadratic  tarma,*^ 

The  proportionality  conatant  b^  In  Eq.  (3)  and  hence  the  quantity  "eff  in  Eqa  (6)  can  be  found  by 
differentiating  Eq.  (1).  We  find:  for  TE  wavea* 


"aff  ■ « + * p;' 


which  la  exact  and  for  TM  wavea, 
“aff  * “ 


(10) 


(11) 


which  la  a good  approximation  If  n^  ^ la  cloae  to  n^  aa  In  aamlconductor  DH  laaera.  Based  on  Eqs.  (10)  and 
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(11),  we  expect  the  coupling  constant  to  be  higher  {or  TE  waves  than  for  TM  waves.  This  conclusion  Is 
consistent  with  experimental  observations  Chat  the  DBR  laser  has  a TE  polarization.  For  modes  not  too 
close  to  cut-off,  we  can  approximate  by  '’V  (m^+l)n/W,  and  thus  estimate  the 

value  of  the  coupling  constant  from 

X - F [(m,+l)^x^/k.n,]lAU/W^]  (12) 

q C U I 

which  clearly  shows  the  dependence  of  x-  on  m and  W.  The  Fourier  coefficient  Fq  Is  normalized  for  a 
unit  change  In  AB  calculated  from  the  linear  term  alone  In  Eq.  (3).  For  the  rectangular  grating  and  for 
the  odd  harmonics  of  the  synmetrlc  triangular  grating,  Fq  is  proportional  to  AB^  + AB2  and  for  the  even 
harmonics  of  the  symmetric  triangular  grating.  It  Is  proportional  to  AB^  - AB2  where  AB,  and  AB,  (Fig.  1) 
are  the  swing  of  B with  respect  to  Bg  of  Che  unperturbed  waveguide.  Because  the  contributions  to  ABj^  and 
AB,  from  the  linear  term  In  Eq.  (3)  have  the  same  sign  while  those  from  the  quadratic  term  have  opposite 
signs  and  because  Che  magnitudes  of  ABj^  and  AB2  depend  on  the  division  in  tj^+t^  • AW,  the  quantity  F.  Is 
dependent  on  the  choice  of  the  unperturbed  waveguide.  Equations  (7)  to  (9)  are  based  on  ” ^2  " 

In  Fig.  3,  we  plot  the  values  of  the  coupling  constant  x,  for  the  third  harmonic  as  a function  of 
the  tooth  height  AM  from  Eq.  (6)  as  curve  2,  from  Eq.  (12)  as  curve  3 and  directly  from  Fig.  2 as  curve  4 
for  Che  rectangular  and  symmetric  triangular  gratings.  For  comparison,  the  curves  computed  by  Strelfer, 
Sclfres,  and  Burnham  (Strelfer,  W.,  et  al.,  1975),  using  an  overlap  Integral  Involving  the  Index  change 
An^  weighted  by  the  transverse  field  distribution  E^(x),  are  shown  as  curve  1.  The  agreement  Is  almost 
perfect  In  the  triangular  case,  for  which  tj^  ■ t2  was  assumed  in  both  the  present  and  SSB  calculations.  A 
significant  discrepancy  exists  between  the  results  from  the  two  calculations  in  the  rectangular  case,  for 
which  different  divisions  in  ^2  * were  used.  Because  the  information  concerning  the  field 

distribution  In  the  transverse  plane  Is  already  contained  Implicitly  In  Che  mode  equation,  there  Is  really 
no  need  to  formulate  the  problem  of  wave  propagation  Involving  again  the  transverse  field  distribution 
E(x).  Therefore,  the  two  methods  should  yield  consistent  results  If  the  same  assumptions  are  used  about  the 
unperturbed  waveguide.  The  procedure  outlined  above  for  computing  x Is  comparatively  simple,  and  can  easily 
be  extended  to  other  simple  grating  profiles  such  as  the  sawtooth  and  sinusoidal  profiles.  The  major 
uncertainty  In  computing  Xq  Is  In  choosing  the  unperturbed  waveguide,  especially  at  large  values  of  AW  where 
the  quadratic  term  In  Eq.  (3)  becomes  Important. 

Now  we  discuss  the  eigen  modes  of  the  guide.  In  a periodic  medium,  the  proper  solution  must  be  in 
Floquet-Bloch  form 

E(z)  - A^j^(z)  exp(rz)  + exp(-rz)  (13) 

where  ()(z)  - ♦(z-fA)  is  a periodic  function  and  hence  can  be  expanded  In  terms  of  Its  Fourier  components. 
However,  because  of  the  Bragg  condition,  only  the  components  whose  wave  vectors  are  related  by  Eq.  (5) 
have  significant  amplitudes.  Therefore,  the  solution  of  Eq.  (13)  can  be  approximated  by 

E(x)  - [Uj  + exp(+iq2KgZ)  ] exp(rz)  + exp(-lq2KgZ)  ] exp(-rz)  (14) 

where  T - G-IK  la  the  effective  propagation  constant.  Physically,  the  terms  Uj  and  represent  the  two 
primary  waves  propagating  In  the  forward  and  backward  direction,  respectively,  and  the  terms  and  U),__ 

represent  their  respective  Bragg-scattered  secondary  waves.  Substituting  Eq.  (14)  In  Eq.  (4)  and  collecting 
terms  related  by  the  Bragg  condition,  we  find 


“f4q/“f 


Vq^”b 


where  the  scattering  factor  s and  other  relevant  parameters  are  defined  as 


(15) 


-lx(G  + % + i(«+«^jj)]"^ 

(16) 

‘''^b"®0’  ®eff  ■ 

(17) 

(f5+l«gff)^  - (g+l«)^  + 

(18) 

In  Fig.  4,  we  show  the  wave  vectors  of  the  four  principal  field  components  of  Eq.  (14).  The 
reciprocal  lattice  vector  q2itg  couples  Uf+q  to  and  couples  U(,_q  to  Uj^.  In  this  coupling  process,  the 
wave  vectors  are  conserved.  However,  the  wave  vectors  of  and  are  not  connected  by  the  reciprocal 
lattice  vector.  Therefore,  In  Eq.  (14),  there  are  two  Independent  waves  Uj  and  which  are  not  coupled. 

A DBR  or  DFB  laser,  like  a conventional  laser,  needs  a change  of  the  propagation  property  at  a boundary  to 
couple  Uf  and  U . This  will  be  further  discussed  In  Sec.  3.  In  Fig.  5,  we  present  the  dispersion  diagram 
sho%rlng  the  general  behavior  of  T - C-IK  near  the  Bragg  wavelength  and  defining  the  various  parameters  In 
Eqs.  (16)  to  (18).  For  comparison,  the  dispersion  diagram  for  a corresponding  uniform  waveguide  Is  dram 
as  curve  (I).  The  other  three  curves  are  for  periodic  waveguides  without  loss  (curve  II),  with  gain 
(curve  III)  and  with  loss  (curve  IV). 

3.  REFLECTION  AND  TRANSMISSION  AT  BOUNDARIES 


In  this  section,  we  treat  the  problem  of  matching  the  fields  at  a discontinuity  and  derive  expressions 
of  the  reflection  and  transmission  coefficients  for  the  DBR  laser  cavity.  First  we  consider  the  boundary 
problem  between  a uniform  and  a corresponding  periodic  waveguide  made  of  the  same  material  and  of  nearly 
equal  waveguide  thickness  H.  The  field  In  the  uniform  waveguide  can  be  represented  by 


E(i)  • A exp(Yz)  + B exp(-yz) 


(19) 


where  y - g-lB  is  the  propagation  constant,  and  the  field  In  the  periodic  waveguide  can  be  represented  by 
Eq.  (14).  Continuity  of  the  tangential  conpom".  t of  E and  H at  the  boundary  (chosen  as  z~0)  requires 


f f+q 


+ U,  + 1). 

b b-q 


•^(“f-Uf+q-Wq)  “ 


In  obtaining  Eq.  (21).  we  make  the  approximations  that  y « ~16>  T » -IK,  and  K ^ qK^  near  the  Bragg 
wavelength.  We  also  |Mte  from  Fig.  5 and  Eq*  (18)  th/'t  K and  6 differ  by  a maximum  amount  of  6 ■ k which 
Is  of  the  order  of  10^  cm'^  (Fig.  3)  whereas  the  value  of  K Is  on  the  order  of  Z.SxlO^cm*^  in  GaAs  laser. 
Therefore,  we  can  further  let  K • 8 end  thus  obtain 


“f  ^ Vq 


“b  + "f4q 


Equation  (22)  says  that  at  the  Junction  of  a periodic  and  uniform  waveguide,  we  can  equate  the 
amplitudes  of  the  waves  with  their  wave  vectors  In  the  same  direction.  This  simplification  is  a direct 
consequence  of  the  as8uiiq>tlon  that  the  two  %#avegulde8  have  approximately  the  same  propagation  characteristics. 
Even  though  K Is  different  from  B«  the  quantity  (K-8)/(K4^)  Is  too  small  to  cause  any  appreciable  reflection. 
However,  in  the  periodic  waveguide,  the  proper  modes  are  Bloch  waves  but  not  plane  waves.  In  terms  of  the 
elgep  Bloch  waves,  there  is  reflection  at  the  boundary.  In  Fig.  6,  we  illustrate  two  boundary  situations: 

(a)  a Bloch  wave  Incident  on  a uniform  waveguide  of  Infinite  extent  and  (b)  a plane  wave  incident  on  a 
periodic  waveguide  of  Infinite  extent.  For  case  (a),  we  set  B*0  and  A«U^.  Thus,  we  find  * ~8  and 

U /U-  • 1-8^  using  Eq.  (15).  For  case  (b),  we  set  U.  * A,  U ■ B,  U.  • 0 and  U.  * 0.  Ihus,  we  find 


U^/U^  ■ 1-8^  using  Eq.  (15).  For  case  (b),  we  set  U.  ■ A,  U, 
U^/uJ  • 8.  In  both  cases,  the  ratio  of  the  reflected  wave  t' 


to  the  Incident  wave'^Is 


equal  to  the  scattering 


factor  8.  The  value  and  the  phase  of  s are  plotted  In  Fig.  7 as  functions  of  6/k  for  several  values  of  g/^. 
As  ve  can  see,  a high  reflection  can  be  obtained  near  the  Bragg  condition  (^^k)  If  g/x  Is  small. 

The  above  discussion  Is  for  Incidence  on  an  Infinite  waveguide.  Now  we  consider  the  situation  In 
which  a periodic  waveguide  of  length  L Is  connected  at  the  ends  to  two  uniform  waveguides  as  shown  in  Fig.  8. 
A wave  incident  from  one  of  the  uniform  waveguides  may  undergo  multiple  reflections  at  the  two  boundaries, 
and  finally  be  either  reflected  back  to  the  original  uniform  waveguide  or  transmitted  through  the  periodic 
waveguide  to  the  other  uniform  waveguide.  We  refer  to  the  periodic  waveguide  as  a Bragg  reflector.  The 
reflection  coefficient  R and  the  transmission  coefficient  T can  be  found  by  using  the  method  of  multiple 
reflections  (Wang,  S.,  et  al.,  1974)  and  are,  respectively,  given  by 


ll-f8‘^exp(2PL)  I 


1 1+s  exp(2PL) 


In  Fig.  9,  the  value  of  |r|  and  |t|  are  plotted  as  functions  of  6/k  for  two  lossless  (g*0)  Bragg 
reflectors  of  different  lengths.  The  dimensionless  quantises  6/k  and  kL  are  used  as  parameters.  Several 
features  of  the  curves  are  worth  noting.  The  relation  |r|^  + |t|^  * 1 Is  always  true  as  required  by  the 
condition  for  energy  conservation.  The  reflection  coefficient  has  appreciable  values  only  for  6 < k,  that 
Is,  near  the  Bragg  condition.  Using  K » 2n  n/A  and  6«k,  we  obtain  the  half  bandwidth  of  a Bragg  reflector 
as 

AA  = 

where  n^^^  Is  Che  effective  Index  of  the  guide  taking  dispersion  into  account.  The  values  of  |r{  and  |t| 
at  the  Bragg  wavelength  (6«0)  are  given  by 


|R)g  - tanh(KL),  |T|g  - aech(KL)  (25) 

and  those  at  the  edge  of  the  Bragg-ref lector  band  (6«k)  are  given  by 

|r|^  - rU/l+K^L^,  |t1j^  - 1//i+kV  (26) 

To  achieve  high  reflection,  we  should  choose  kL  > 2,  and  to  have  appreciable  transmission  we  should  let 
kL  < 1. 

In  Fig.  10,  we  plot  the  values  of  |r|  and  |t|  for  a lossy  Bragg  reflector  with  kL  * 1 and  b/k  • -0.2. 
Because  of  loss  In  the  periodic  waveguide,  the  sum  |r|^  + |t'^  < 1 Is  true.  From  Fig.  7,  we  see  [s|  < 1 
even  at  6*0.  By  letting  jsl  • exp(-A),  we  fltul  at  6*0 

IrL  - 8lnh(PL)/co8h(PL+A) , |t|  • coBhA/co8h(PL+A)  (27) 

' B B 

2 7 2 

where  P - k -to  and  a la  the  loaa  constant  In  the  periodic  waveguide  (g.-a) . For  PL  > 2,  Eq.  (27)  can  be 
approximated  by 

|R|g  . lal  . |T|g  . (l+|s|^)  exp(-PL)  (28) 

For  a loss  constant  of  a/»  “ 0.2,  |s|  la  0.8  (Fig.  7).  Therefore,  the  relatively  low  valu.  of 
|R|.(.0.66)  In  Fig.  10  la  the  combined  effects  of  a lossy  reflector  and  a relatively  amall  value  for  xL. 
For°FL'>l  and  |s|  ■ 0.8,  we  find  from  Eq.  (28)  |T|g  • 0.61  not  too  far  from  the  value  O.SS  given  In  Fig.  10. 
Therefore,  the  value  of  |T|j  la  still  mainly  determined  by  the  product  xL.  For  practical  DBR  laaera,  it 
appear,  dealrnble  that  we  have  two  different  reflectors:  one  mirror  reflector  with  xL  > 2 for  high 


21-5 


reflectivity  end  node  aelectlvityt  and  one  output  reflector  with  icL  <1  for  appreciable  output  power. 

A.  PERFORMANCE  AND  OPTIMAL  DESIGN  OF  THE  DBR  LASER 

Operation  of  the  DBR  Injection  laser  has  been  reported  In  the  GaAa-Ga^_^Al^Aa  syaten  by  several 
groups.  (Reinhart,  F.  K.,  et  al.,  1975;  Tsang,  W.  T.,  et  al.,  1976;  Ng,  N.,  et  al.,  1976;  Kawanlshl, 

H.,  et  al.,  1977.)  Here  we  briefly  review  the  experinental  results  reported  by  Tsang  and  Wang,  and  discuss 
the  perfomance  characteristics  and  fabrication  procedure  of  the  DBR  laser  as  a discrete  device.  Those 
aspects  of  the  laser  relevant  to  applications  In  Integrated  and  fiber  optics  will  be  discussed  In  Sec.  5. 
Figure  11  shows  the  experinental  structure  of  the  laser.  First,  a nultl-layer  struC-ure  slnllar  to  that  of 
DH  Injection  laser  la  grown  by  liquid-phase  epitaxial  (LPE)  growth  process.  The  nlddle  GaAs  layer  serves 
both  as  the  reconblnatlon  layer  generating  laser  radiation  and  as  the  waveguldlng  layer  guiding  the  laser 
radiation.  The  two  Ga^  At  As  layers  which  have  a larger  energy  gap  and  a snaller  refractive  Index  than 
GaAs  serve  as  claddings  fo  confine  the  laser  radiation  nalnly  to  or  In  the  vicinity  of  the  GaAs  waveguide. 

The  two  outnost  GaAs  naterlals,  the  n-GaAs  substrate  and  the  p-GaAs  cap,  are  m eded  for  electrical  contacts. 

After  the  LPE  growth,  wide  channels  are  nade  In  the  wafer  by  etching  away  chemically  the  two  top 
grown  layers  to  expose  the  middle  GaAs  layer.  Then  periodic  gratings  are  made  onto  the  exposed  surface  by 
ualng  laser-interference  (Shank,  C.  V.,  et  al.,  1973)  and  preferential  chemical  etching  (Tsang,  H.  T.,  et  al., 
1976)  techniques.  Finally,  silicon  dioxide  Is  sputtered  on  the  whole  wafer,  windows  are  opened  In  the  oxide 
for  electric  contacts,  and  the  wafer  Is  cut  to  make  Individual  DBR  lasers.  The  laser  Is  mounted  on  the  cold 
finger  of  a dewar  and  the  laser  characteristics  are  studied  at  183*K. 

Figure  12  shows  a hlgh-resolutlon  spectrum  of  the  DBR  laser  at  a current  density  J • 1.1  above 
the  threshold.  Setting  k^  > k^  ■ 6 In  Eq.  (5),  we  can  express  the  Bragg  condition  In  terms  of  wavelength  as 

A - qX/(2ng)  (29) 

where  Og  • B/k^  Is  the  equivalent  Index  for  a guided  mode.  The  average  thickness  of  the  corrugated  sections 
of  the  guide  Is  0.9A  g.  From  Fig.  2,  we  see  that  the  TE^  mode  is  fairly  close  to  cut-off  and  hence  Is 
expected  to  have  a large  leal^age  loss.  Therefore,  we  use  the  value  of  n for  the  TEj^  motie,  which  Is  3.53 
from  Fig.  2.  With  X - 8509  A and  q • 3 In  Eq.  (29),  we  find  the  theoretical  value  for  the  grating  period 
A - 3613  X.  The  value  of  A as  determined  by  SEM  and  diffraction  angle  measurements  Is  3550  ^70  A. 

Two  Important  questions  relating  to  the  performance  of  a DBR  laser  are  the  mode  selectivity  and  the 
output  power.  To  achieve  single-mode  operation,  we  must  make  the  longltudl  lal-mode  spacing  larger  than  the 
bandwidth  of  the  Bragg  reflectors.  For  a laser  with  an  active  region  of  length  L^,  the  longitudinal  mode 
spacing  Is 

AX  - X^/2n  ,,L.  (30) 

etz  a 

The  value  of  • n - Adn/dA  in  bulk  (not  waveguide)  GaAs  la  5.5,  Corrected  for  the  difference  between 

6 and  ■■  ^.6«  the  value  of  n f£  for  the  mode  is  5.43.^  For  * 480  pm  and  A ■ 8509  X.  the  calculated 
mode  spacing  is  1.39  X.  The  observed  mode  spacing  is  1.36  A.  In  the  experiment,  as  the  injection  current 
was  raised,  the  mode  at  8507.6  A also  became  prominent  while  the  background  radiation  which  also  displayed 
an  inter f|rence  pattern  due  to  the  gratings  remained  more  or  less  the  same.  Obviously,  the  group  around 
X ■ 851^  A is  outside  the  bandwidth  of  the  Bragg  reflectors  Using  Eqs.  (24)  and  (30),  we  obtain 
as  the  condition  for  single  mode  operation.  For  the  experlm  ntal  unit,  the  product  * 5.5.  Therefore, 

two  dominant  longitudinal  modes  are  expected  and  were  observed. 

• 

Figure  13  show,  the  total  power  (curve  A)  and  the  power  (curve  B)  measured  around  8509  A with  a 
bandwidth  of  about  5 A.  Both  curves  give  a threshold  current  density  of  890  A/cm^  at  183*K.  The  linearity 
of  curve  B above  threshold  Indicates  the  predominance  of  the  two  longitudinal  modes  which  are  within  the 
bandwidth  of  the  Bragg  reflectora,  for  current  densities  up  to  J ■ 2.5  Jti,-  The  slope  of  curve  B gives  the 
differential  quantum  efficiency  which  Is  theoretically  given  by 

'’dBR  ■ ''ll’'l^^f“fc‘'a  tn(l/|R|2)]  (31) 


where  n.  Is  the  Internal  quantum  efficiency,  and  is  the  loss  constant  in  the  active  region  mostly  due  to 
free-carrier  abaorptlon.  The  value  of  k for  q ■ 3 and  the  TE,  mode  Is  esilmated  to  be  115  cm~^  (for  a 
rectengular  grating  of  3 A/8  teeth  width  and  0.12  gm  ■*  AW  teeth  height).  The  loas  constant  a In  the 
reflector  region  la  estimated  to  be  80  cm~^  (Wang,  S.,  1977).  Using  Eqs.  (16),  (17),  (18),  and  (23),  and 
a value  L ~ ,150  gm,  we  find  |R|  - 0.51  and  |t|  ~ 0.16.  Substituting  these  values  e d assuming  * 0.60, 

“fc  “ 10  cm"l.  and  L,  • 480  gm  In  Eq.  (31),  we  obtain  noBR  ” 0.66xl0“2.  The  output  power  of  the  laser  Is 
7 M (3.5  mW  from  one  reflector)  at  a current  of  300  mA  above  the  threshold.  This  power  yields  an 
exp  rlmental  value  for  hq,,  • 1.6xl0~2.  Owing  to  the  uncertainties  in  estimating  k and  a,  the  agreement  Is 
considered  good. 


In  the  experimental  DBR  laser,  we  have  used  the  same  length  L for  both  reflectors,  a cavity  length 
L,  to  allow  two  longitudinal  modes,  and  lossy  GaAs  in  the  reflector  region  due  to  re-absorptlon.  The  mode 
selectivity  and  output  power  could  be  greatly  Improved  by  using  t%K>  different  kL  products,  by  reducing  the 
cavity  length  and  by  using  Gai.^t,^  to  minimize  a In  the  reflector  region.  As  an  example,  we  keep 
K ■ 115  cm~^  but  choose  L2  " 80  gm  and  kLj  ~ 0.92  for  the  output  reflector,  Li  ■ 200  gm  and  xLj^  • 2.3  for 
the  mirror  reflector,  and  reduce  L,  to  240  gm.  Further,  we  assume  a ■ 10  cm~l  In  the  passive  reflector 
region.  For  future  reference  we  label  this  proposed  laser  as  the"optlmally  designed"  DBR  laser.  Using  these 
values  In  Eqs.  (16),  (17),  (18),  (23),  and  (31),  we  find  at  the  Bragg  mvelength  Rq  ■ 0.693  and  Tg  - 0.648 
for  the  output  reflector,  Rf  " 0.920  and  T^  - 0.184  for  the  mirror  reflector,  and  a differential  quantum 
efficiency  • 12.5x10"^  which  should  raise  the  output  power  to  130  mW.  Note  that  both  Rg  and  R^  are 

higher  than  the  value  0.565  In  cleaved  DH  lasers.  The  threshold  gain  of  a laser  with  two  different 
reflectors  Is  given  by 


*th  -“fc  (32) 

The  longitudinal  mode  spacing  In  terms  of  6 Is  given  by  < ■ ^ M<i>t  the  mode  next  to  the  one 

at  the  Bragg  wavelength  has  a value  S - 130  cm~f.  Thus,  we  find  from  Eqs.  (16),  (17),  (18)  and  (23), 

Rq  ~ 0.617  for  the  output  reflector  and  • 0.736  for  the  mirror  reflector.  Substituting  these  values  In 
Eq.  (32),  we  obtain  a difference  of  threshold  gain  Ag^),  ~ 14  cm~^  for  the  two  modes.  Based  on  the  galn- 
current-denslty  relation  of  Stern  (Stern,  F.,  1973),  we  can  expect  single  mode  operation  from  a DBR  laser 
with  power  up  to  60  nM.  Therefore,  iflth  Improved  design,  a DBR  Injection  laser  can  operate  In  single  mode 
with  sufficient  output  power. 

5.  LASER  INTEGRATION  AND  WAVEGUIDE-FIBER  COUPLING  SCHEMES 

Before  we  discuss  ways  how  the  DBR  laser  can  be  Integrated  Into  an  optical  circuit  or  coupled  Into  an 
optical  fiber.  It  may  be  useful  to  comment  on  the  relative  merits  of  the  DBR  and  the  DFB  laser  from  the 
standpoint  of  laser  fabrication  and  design.  The  rapid  development  of  Integrated  electronic  circuits  on  a 
large  scale  Is  made  possible  by  standardization  of  processing  procedures  and  simplification  and  reduction  of 
processing  steps.  The  DBR  laser  Is  compatible  with  this  concept.  Because  the  reflectors  can  be  made  by 
photolithographic  and  etching  techniques  after  the  waveguldlng  structure  Is  fabricated,  only  one  LPE  groifth 
step  Is  needed.  In  contrast,  two  LPE  processing  steps  are  usually  needed  for  the  DFB  laser.  We  feel  that 
the  one-step  LPE  growth  offers  a tremendous  advantage. 

What  we  envision  for  future  Integrated  optical  circuits  Is  a basic  waveguldlng  structure  comson  to 
most,  and  all  If  possible,  optical  devices.  This  couxson  structure  should  require  only  one  LPE  processing 
step.  Should  we  need  separate  and  different  LPE  groifth  steps  for  each  device,  Chen  Integration  of  optical 
devices  would  be  difficult.  Additional  pre-LPE  or  post-LPE  processing  steps  would  be  Introduced  to  divide 
Che  common  waveguldlng  structure  into  several  segments  for  different  device  functions  so  chat  Che  devices 
could  be  physically  separated  and  electrically  Isolated  from  one  another.  The  two  reflector  regions  In  a DBR 
laser  could  be  used  for  separation  and  Isolation  from  her  optical  devices. 

The  DBR  laser  structure  also  offers  flexibility  In  laser  design.  As  discussed  In  Sec.  4,  Co  maintain 
high  mode  selectivity  and  low  laser  threshold  but  at  the  same  time  to  be  able  to  derive  appreciable  output 
power,  we  must  have  different  reflection  and  transmission  coefficients  at  the  two  ends  of  a laser.  This  con 
be  done  in  the  DBR  las -r  by  making  the  two  reflectors  of  different  lengths.  In  the  DFB  laser,  the  reflection 
and  transmission  properties  at  the  two  ends  are  the  same  because  the  parameters  that  we  can  adjust,  for 
example,  the  coupling  constant  and  the  length,  are  all  those  of  Che  one  and  only  active  region.  The 
reflectors  In  Che  DBR  laser  also  may  serve  other  purposes.  For  example.  If  a second-order  (q~2)  grating  Is 
used,  the  fundamental  component  of  the  coupling  constant  can  be  used  to  couple  out  the  laser  radiation  while 
the  second  harmonic  component  provides  Che  nctb»>i;rv  reflection  for  laser  action.  The  coupled-out  beam  has 
extremely  low  divergence  (Alferov,  Zh.  I.,  et  al.,  ly/4;  Zory,  P.,  et  al.,  1975).  The  reflector  also  can 
serve  to  provide  some  optical  Isolation  between  Che  DBR  laser  and  the  adjoining  optical  circuit  for  preventing 
parasitic  effects.  In  contrast,  a DFB  laser  Is  directly  connected  with  Che  adjoining  optical  circuit  unless 
special  provision  Is  made  to  separate  them. 

Now  let  us  examine  possible  schemes  for  Integration  of  the  DBR  or  DFB  laser  Into  an  optical  circuit. 

As  mentioned  earlier,  the  first  step  toward  Integration  Is  to  find  a common  waveguldlng  structure.  One 
fundamental  problem  we  face  In  using  semiconductors  as  Che  base  material  for  monolithic  Integration  of 
optical  components  Is  absorption  losses.  The  laser  radiation  emitted  from  the  pumped  (active)  part  of  a 
GaAs  waveguide  will  be  re-absorbed  In  the  unpumped  (passive)  part.  In  Sec,  4,  we  estimated  a ' 80  cm~^  In 
the  unpumped  reflector  region.  The  same  loss  constant  Is  expected  In  Che  unpumped  regions  of  the  common 
waveguide  Interconnecting  two  optical  devices.  As  a discrete  device,  Che  DFB  laser  has  the  dlstl,ict 
advantage  that  there  are  no  umpumped  regions.  In  an  Integrated  optical  circuit,  however,  the  problem  with 
re-absorpclon  losses  In  Che  Interconnection  regions  exists  Irrespective  of  whether  we  use  Che  DBR  or  DFB 
laser  as  Che  source.  For  an  unpumped  distance  of  400  pm  tdtlch  we  Chink  la  a minimum  separation  between  two 
devices  for  adequate  Isolation,  the  power  loss  Is  about  96X  If  a ■ 80  cm~l.  This  power  loss  Is  unacceptable. 
The  problem  with  lossy  reflectors  In  the  DBR  laser  Is  automatically  solved  If  the  loss  constant  a In  the 
unpumped  waveguide  region  can  be  substantially  reduced. 

One  way  of  having  a low-loss  reflector  region  Is  through  the  use  of  a tapered  coupler  whereby  Che 
reflector  can  be  made  on  (GaAt)As  which  haa  a larger  energy  gap  than  GaAs.  Such  a DBR  Injection  laser  has 
been  demonstrates  and  made  by  a single  LPE  step  (Reinhart,  F.  K.,  1975).  Here  we  consider  a simpler  way  of 
solving  Che  problem  through  the  use  of  separate  optical  and  carrier  confinement.  The  original  purpose  of 
the  separate  confinement  scheme  (Kressel,  H.,  et  al,,  1972;  Thompson,  G.  H.  B.,  et  al.,  1973;  Casey,  H.  C., 
Jr.,  et  al.,  1974)  Is  to  lower  the  threshold  current  density  by  reducing  the  active-layer  thickness  and  at 
the  same  time  to  minimize  output-beam  divergence  by  Increasing  the  optical  aperture.  He  propose  to  use  the 
same  scheme  to  minimize  re-absorptlon  losses  In  Che  unpumped  Interconnection  regions  in  Integrated  optical 
circuits. 

A DBR  Injection  laser  with  separate  optical  and  carrier  conflnaent  la  shown  In  Fig,  14  with  the 
middle  p-GaAs  layer  (layer  3)  used  as  Che  recombination  layer  and  the  neighboring  n-Ga]^_yAtj^_  Aa  layer 
(layer  2)  used  as  Che  main  waveguldlng  layer.  For  the  separate  confinement  to  be  effective,  the  GoAs 
layer  should  be  thin  (of  thickness  L.l  pm  or  smaller)  and  Che  n-Ga^^AtyAs  layer  should  be  coaiparatlvely 
thick  (In  the  neighborhood  of  1 pm)  so  Chat  the  GoAs  layer  can  be  tcnlnated  without  much  loss  of  radiation 
It  the  Cemlnaclon.  The  continuing  n-Gsj^.yAlyAs  layer  con  then  be  used  as  a common  waveguide  on  which 
otner  optical  devices  can  be  built.  We  should  point  out  that  Che  optical  confinement  layer  has  to  be  below 
the  carrlar  confinement  layer  for  the  common  waveguide  to  continue.  The  structure  proposed  In  Fig.  14, 
therefore,  would  be  Impractical  for  tha  DFB  laser  for  lack  of  suitable  place  for  the  grating.  Ha  do  not  want 
to  place  the  grating  between  layers  1 and  2 because  this  would  require  a second  LPE  growth  on  the  j^txAs 
layer  of  relatively  high  Al  concentration  (x>0.3).  We  also  do  not  want  to  place  the  grating  between  layers 
2 and  3 because  the  grating  would  reduce  drastically  the  recombination  efficiency  and  thus  atop  the  laser 
action. 
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To  find  the  coapoeltlon  y needed  In  the  waveguldlng  layer,  we  aet  an  upper  Unit  of  a ~ 10  cn~^  on 
the  abaorptlon  coefficient.  Thla  la  the  value  we  asauned  In  Sec.  4 for  the  passive  reflector  region  of  an 
"optlnally  dealgned"  (not  the  experlnental)  DBR  laaer.  Using  the  experimental  data  of  CaAs  (Caaey,  H.C., 
et  al.,  1976),  we  find  that  this  value  Is  reached  In  heavily  doped  GaAs  at  an  energy  0.06S  below  the  energy 
gap  of  pure  CaAs.  For  small  y,  the  band  shift  In  Gaj^.yAlyAs  with  respect  to  GaAs  Is  about  12.7  meV  for  IX 
At  concentration.  If  we  aaaiow  that  the  abaorptlon  coefficients  In  GaAs  and  Gaj^.yAtyAs  have  similar  behavior 
then  a value  of  0.06  for  y should  be  sufficient  to  keep  a below  10  cm'l-.  The  composition  x for  the  other 
two  Ga|_]^l]|Aa  layers,  on  tha  other  hand,  should  be  larger  than  0.3  to  prevent  leakage  of  laser  radiation 
Into  the  two  outmost  GaAs  regions.  The  DBR  laser  labelled  as  "optimally  designed"  In  Sec.  4 should  be 
realliable  with  the  present  technology. 

Once  we  have  In  mind  a suitable  common  waveguldlng  structure  for  Integrated  optics,  we  can  think  of 
building  various  optical  devices  with  or  on  the  structure.  In  Fig.  IS  we  present  our  Ideas  for  consideration 
as  possible  approaches  to  building  simple  Integrated  optical  circuits.  In  region  A,  the  GaAs  cap,  the 
p-Ga^_  Al  As  layer  (layer  4),  and  the  GaAs  layer  (layer  3)  are  removed  by  chemical  etching.  Obviously  this 
region  caS  be  used  for  Isolation.  For  some  purposes,  we  may  use  p-n  junctions  for  better  Isolation  and  want 
to  perform  a subsequent  diffusion  or  Ion  Implantation  to  convert  the  Gaj^_  Al  As  layer  from  n to  v or  p . 

This  step  would  make  It  possible  to  apply  a high  electric  field  and  thus  enable  us  to  use  the  electrooptic 
effect  In  this  region.  For  example.  If  region  A Is  a part  of  the  DBR  laser,  we  can  use  Che  eleccroopclc 
effect  to  control  the  laser  action.  For  a field  of  lo'v/cm  which  Is  below  the  breakdown  field  In  GaAs,  the 
shift  In  laser  wavelength  (Eq.  (29)]  Is  estimated  to  be  4 A %rhlch  Is  comparable  to  Che  bandwidth  of  Che 
Bragg  reflectors.  This  effect  offers  several  Interesting  possibilities.  If  the  effect  Is  applied  to  both 
Bragg  reflectors,  then  we  could  fine  tune  the  laser  wavelength.  If  the  effect  Is  applied  only  to  one  Bragg 
reflector,  then  we  could  modulate  Che  output  of  the  laser  by  shifting  the  Bragg  wavelength  of  one  reflector 
with  respect  to  Che  other.  If  the  effect  Is  controlled  by  the  output  of  the  laser  through  a detector  such 
as  the  one  shown  in  region  B,  we  could  stabilize  the  laser  wavelength  against  unwanted  drifts  through  the  use 
of  a proper  feedback  control  circuit. 

In  region  B,  the  structure  Is  the  same  as  that  for  the  DBR  laser  without  the  Bragg  reflectors.  If  the 
diode  Is  forwardly  biased.  It  could  be  used  as  an  amplifier.  Based  on  Che  gain  relation  of  Stern  (Stern,  F., 
1973),  a gain  constant  g • 7S  cm'^  could  be  expected  at  current  density  of  7 kA/cm^  at  room  temperature. 
Assuming  a confinement  factor  F - 0.2  (fraction  of  laser  radlstlon  In  GaAs),  this  would  mean  a gain  In  power 
by  a factor  4.5  In  a distance  of  1 nm.  If  the  diode  Is  reversely  biased  It  could  be  used  as  a detector. 

Any  laser  radiation  guided  In  the  Ga,_  At  As  layer  (layer  2)  will  spread  to  and  hence  be  absorbed  In  the 
GaAs  layer  (layer  3)  upon  entering  cne”detecCor  region.  If  we  use  the  same  absorption  coefficient  a ■ 80  cm  ' 
In  GaAs  as  before  and  assume  a confinement  factor  F - 0.2,  then  a detector  of  length  2 nmi  could  have  a 
detection  efficiency  of  96Z. 

Finally  we  present  a possible  scheme  for  direct  fiber-waveguide  coupling.  Although  several  coupling 
schemes  have  been  proposed,  they  all  have  one  problem  In  common,  chat  Is,  matching  the  geometry  of  the 
fiber  and  waveguide.  Recently,  several  techniques  have  been  proposed  and  demonstrated  for  making  two- 
dimensional  GaAs-(GaAt)As  waveguides  (Tsukada,  T,,  1974;  Burnham,  R.  D.,  1975;  Klrkby,  F.  A.,  et  al.; 
Haalzakl.H.,  1976).  We  have  Independently  developed  an  etch-and-grow  technique  for  making  Inverted  ridge 
waveguide  (Botez,  0.,  et  al.,  1976).  Clean  isode  excitation  and  transmission  In  Che  guide  (Tseng,  W.T., 
et  al.,  1976)  and  laser  action  In  optically  pumped  half  rings  (Botez,  D.,  et  al.,  1976)  have  been  reported. 
One  obvious  advantage  of  the  Inverted-ridge  waveguide  la  that  the  shape  of  the  laser  can  be  made  to 
approximate  that  of  a fiber  and  hence  direct  fiber-waveguide  coupling  Is  possible.  In  direct  end  coupling, 
accurate  positioning  of  the  fiber  with  respect  to  the  waveguide  Is  Important.  We  propose  Co  use  channels 
preferentially  etched  Into  Si  (or  housing  fibers.  The  three  walls  of  the  channel  are  formed  by  a set  of 
crystalline  planes  (Tsang,  W.  T.,  et  al.,  1975).  Therefore,  once  the  channel  opening  and  the  fiber  diameter 
are  chosen,  the  position  of  the  fiber  In  the  channel  Is  accurately  determined  and  can  be  held  fixed  by  epoxy. 
This  arrangement  Is  slaiple  and  accurate.  In  Fig.  16,  we  show  schematically  the  arrangement  for  a multi- 
channel system  by  making  a linear  array  of  such  channels  trlth  fibers  Individually  coupled  to  lasers  In  a 
separate  linear  array.  In  principle.  If  the  geometry  and  dimensions  of  the  lasers  and  the  fibers  In  the 
array  are  properly  designed  and  chosen  the  alignment  procedure  should  be  simple  and  Che  laser-fiber  coupling 
assembly  could  be  compact  In  size  even  In  a multi-channel  system.  We  are  presently  Investigating  suitable 
maans  of  providing  adequate  Isolation  between  the  lasers. 

6.  COJICLUSION 

We  have  analyzed  Che  operation  of  the  DBR  Injection  laser  and  compared  the  theory  with  experiment.  We 
have  shown  that  with  Improved  design.  It  should  be  possible  for  a DBR  laser  to  operate  In  a single  mode  with 
sufficient  power.  A coBon  waveguldlng  structure  using  separate  optical  and  carrier  confinement  Is  proposed 
for  Integrstlon  of  the  laser  Into  an  optical  circuit.  Various  optical  devices  which  could  be  built  onto 
the  covon  waveguide  are  suggested.  A simple  scheme  for  direct  laser-fiber  coupling  Is  also  proposed.  The 
proposed  laaer  Integration  and  fiber  coupling  schemes  should  be  practicable  and  actual  Implementation  of 
the  schemes  Is  being  studied  and  pursued. 
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Fig.  1.  Schematic  diagrams  showing  (a)  a dielectric  waveguide  (nj>n  j)  with  periodic  thickness 
variation  and  (b)  the  resultant  periodic  variation  in  the  longitudinal  wave^Aumber  k -g-  Because  of  the 
nonlinear  dependence  of  $ on  waveguide  thickness  W,  the  6 versus  z curve  will  not  foflow  linearly  the  W 
versus  z curve. 


0.8  0.9  1.0  l.l  1.2 

W(^m) 

ri(.  2.  Curve,  allowing  the  longitudinal  wav.  nuabar  k In  a unlfora  wavagulda  relative  to  the  free 
apace  wave  nuaber  n.kQ  aa  a function  of  the  waveguide  thlckneas  U for  three  tranaverse  TE  aodee.  The 
value,  choaen  for  the  Indlcea  of  refraction  are  n,*3.60  and  n .*■3.40. 
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Fig.  3.  The  third  harmonic  coupling  constant  Kj  as  a function  of  the  teeth  height  hU  for  tw  grating 
profiles,  rectangular  (R)  and  syniDetrlc  triangular  (T) , and  for  two  transverse  TE  modes,  m *0  and  m ~1. 

The  computation  is  based  on  the  following  set  of  values:  W„-lum,  n,“3.50,  and  n .-3.40.  ^ * 
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Fig.  3.  Curves  showing  the  general  behavior  of  tlie  effective  propagation  constant  r~G-lK  In  a periodic 
waveguide  as  a function  of  angular  frequencr  ui  as  cowpared  to  the  propagation  constant  Y~g-1$Q  In  a 
corresponding  uniform  waveguide.  Only  the  behavior  near  the  Bragg  wavelength  Is  shorn  and  the  value  of  K la 
relative  to  that  at  the  Bragg  wavelength. 
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FIk.  6.  Diagrams  showing  the  physical  situation  at  a boundary  between  uniform  and  periodic  media: 
(a)  with  the  Incident  beam  from  the  periodic  side,  and  (b)  the  Incident  beam  from  the  uniform  side. 


Fig.  7.  The  awgnltudc  and  the  phase  angle  of  the  scattering  factor  s plotted  as  functions  of  S/k  for 
several  values  of  g/e.  The  factor  e relates  the  Bragg-scattered  secondary  wave  to  the  primary  wave  whereas 
the  parameter  6 measures  the  deviation  from  the  Bragg  condition. 


I 


uniform 


periodic 
Length  L 


uniform 


Fig.  8.  Diagrams  showing  multiple  reflections  Inside  a periodic  waveguide.  The  relations  U,/Uo« 
U2/U0,  U^/Uj,  ^5/1)31  etc.  can  be  found  from  an  analysis  as  those  illustrated  In  Fig.  6 while  the  relations 
^3/^2*  given  by  exp(rL).  The  reflection  and  transmission  coefficients  are,  respectively, 

given  by  R-D^/Uo  T-U.j./Ug  by  summing  Uj^,  U^,  etc.  and  U^,  U^g,  etc. 


The  relations  U, /U/» 
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Fig.  9.  Curves  shoving  the  reflection  and  transmission  coefficients  of  a lossless  Bragg  reflector  as 
functions  of  6/k  for  tvo  values  of  tcL.  The  dashed  lines  indicate  the  ranges  within  which  |r|  and  |T|  lie. 


Pig.  10.  Curves  showing  the  reflection  and  transmission  coefficients  of  a lossy  Bragg  reflector  as 
functions  of  6/ic  for  kL*1  and  g/)c*-0.2. 
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Fig.  11.  Scheaacic  diagram  ahowlng  the  structure  of  an  expcrlisental  DBR  Injection  laser. 
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Fig.  14.  Schematic  diagram  showing  a DBR  laser  structure  employing  separate  optical  and  carrier 
confinement.  The  recombination  GaAs  layer  (layer  3)  Is  terminated  at  the  reflectors.  The  main  waveguldlng 
n-Gaj^_  Al  As  layer  (layer  2)  Is  continued  Into  and  beyond  the  reflector  regions. 
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Fig,  IS,  Schematic  diagram  showing  possibilities  of  building  various  optical  devices  with  or  on  the 
multi-layer  common  waveguldlng  structure. 
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Fig.  16.  Diagram  showing  a possible  scheme  for  direct  wavegulde-flber  coupling  in  a multi-channel 
system.  To  Isolate  one  laser  from  another,  channels  chemically  etched  into  the  wafer  are  a definite 
possibility.  Effective  means  to  confine  the  Injection  current  to  the  Inverted-ridge  waveguide  region  are 
under  study  but  yet  to  be  tested. 
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SUMMARY 


Theoretical  and  experimental  results  are  presented  for  multimode  optical  waveguide  intersections 
fabricated  by  an  ion-exchange  technique,  A sisiple  ray  theory  is  used  to  derive  the  power  division  and 
mode  conversion,  both  of  which  are  influenced  greatly  by  the  geometry  in  the  intersection  region. 

1 INTRODUCTION 

Although  there  have  been  rapid  advances  made  during  the  last  few  years  in  the  field  of  integrated 
optics,  the  problem  of  providing  efficient  coupling  between  an  integrated  optical  circuit  and  a fibre 
still  remains  largely  unsolved.  Integrated  optics  is  based  almost  exclusively  on  single  mode 
interactions  and  its  full  potential  can  be  realised  only  in  conjunction  with  single  mode  optical  fibre 
systems.  However,  for  various  reasons,  interest  and  effort  have  been  concentrated  recently  on  multimode 
fibre  systems  and  this  has  created  a demand  for  new,  compact,  optical  components  which  can  be  used  to 
interface  the  fibre.  It  is  interesting  therefore  to  consider  the  feasibility  of  some  form  of  multimode 
integrated  optics. 

Certainly  the  variety  of  interactions  and  devices  will  be  severely  restricted.  Simple  functions 
such  as  power  splitting  should  not  be  too  difficult  to  achieve  but  more  sophisticated  fiaictions  such 
as  switching  and  modulation  may  be  possible  only  at  the  expense  of  reduced  performance.  The  sniltisude 
nature  of  the  problem  points  strongly  to  inevitable  compromise  solutions  involving  the  trading  of  one 
performance  parameter  against  another. 

The  purpose  of  this  paper  is  to  examine  the  properties  of  a simple  multimode  waveguide  intersection, 
fabricated  by  planar  techniques,  which  might  have  application  as  a power  splitter/coupler  or  as  a non- 
coupling waveguide  'crossover'  in  a multimode  connunication  system. 

1.1  BASIC  ARRANGEMENT. 


The  basic  arrangement  is  shown  in  Fig,  la.  Two  wide  multimode  dielectric  waveguides  intersect  at 
angle  9.  Optical  power  introduced  into  arm  1 is  transmitted  to  arms  2 and  i.  The  proportion  of  power 
coupled  to  arm  4 depends  upon  the  angle  6 and  the  incident  mode  content  in  arm  1. 

2 . THEORY 


A simple  ray  analysis  is  used  to  determine  the  effect  of  single-mode  excitation  in  arm  1.  Each 
mode  in  arm  1 is  associated  with  rays  oriented  at  ia  to  the  z-axls  in  the  xz  plane.  For  the  present 
case  of  a highly  overmoded  guide,  we  assume  a continous  distribution  for  a between  zero  and  o^,  the 
critical  angle.  Diffraction  effects  within  the  junction  are  neglected,  as  are  the  phase  of  the  rays.  The 
result  for  multimode  excitation  can  be  obtained  by  susmation. 

Rays  leave  the  aperture  AB  at  angles  la  to  the  z-axis.  A fraction  pj  impinge  directly  on  the 
aperture  BC,  enter  arm  4 with  their  ray  angle  reduced  to  6-a  and  are  given  by 


Pj^  - tan  a/2sinS 

• sin  (6-a)/2sin6cosa 


0 < o < 9/2 
9/2  < a < 9 


/II 


A fraction  of  the  rays  leaving  AB  impinge  directly  on  the  aperture  AD  and  are  reflected  by  the 
surface  UE  into  arm  4 with  their  ray  angle  increased  to  BS'a.  This  fraction  P2  reaches  its  maxisum 
when  a>a  , where 

B 


tan  (a„*9)  ■ 


3 tan  9 

2 ♦ tan  9 tan  9/f 


and  is  zero  when  o*a^,  where 

ton  (a^  ♦ 9)  ■ 2 sin  9 


(51 


Thus 


Pj  ■ ton  a/2  sin  9 


0 < a < a 

B 


. f*”  ° r 2 sin  9 - tan  (6*a)  1 

2sin9  L tsn  (9+a)  - tan  9 J “m  **  “o 
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The  total  power  coupled  to  arm  4 is  given  by  Pi  + P2  > the  total  pester  in  arm  2 is  simply 
P2  ■ I'F^  . For  small  6,  F^  becomes 


0/8 

1-o/e 


0 < a < 0/2 

e/2  < o < 0 


(S) 


The  results  for  F2  and  F^,  for  small  0 are  plotted  in  Fig.  2a  and  this  shows  that  a maximum 
coupling  of  50Z  occurs  when  the  mode  angle  a~0/2.  It  is  interesting  to  examine  the  mode  content  of 
powers  F2  and  F^  and  to  divide  F into  components  having  a particular  mode  angle  a,  e.g,  F"  Fig.  2b 
shows  that  the  power  transmitted  to  arm  2 is  unchanged  in  mode,  whereas  the  coupled  power  F^  contains 
equal  fractions  of  power  which  have  been  'upconverted'  and  'downconverted'  to  laodes  determined  by  the 
angles  0+a  and  6-a  respectively. 

Radiation,  %<hich  can  occur  when  the  mode  angle  in  arm  1 exceeds  - 9 can  be  taken  into  account 
when  computing  theoretical  curves,  by  using  the  appropiiate  Fresnel  reflection  coefficients.  For 
example,  light  coupled  to  arm  2 via  the  surface  DE  may  suffer  two  lossy  reflections.  The  length  DE 
is  given  by 

length  DE  ■ w£  l/tan0-l/tan  (0+a)^ 

The  results  shown  in  Fig.  2.  are  based  on  the  assumption  that  the  critical  angle  a,,  is  nowwhere 
exceeded . 

The  simple  analysis  presented  above  applies  within  the  range  O<a<0.  For  a>0  multiple  reflections 
lead  CO  more  complicated  expressions.  However,  numerical  results  are  available  for  all  values  of  a. 

Reduction  of  cross  sectional  area  in  multimode  guides  can  lead  to  unwanted  radiation.  The  overall 
effective  width  of  the  structure  shown  in  Fig.  1.  is  2W  except  in  the  region  of  intersection  where  it 
falls  to  H,  Certainly  radiation  does  occur  from  the  length  DE  (Wilson,  M.G.F.  et  al,  1976)  and  in  an 
attempt  to  obviate  this  one  might  consider  modified  geometries.  Several  modifications  have  been 
examined  but  here  we  will  discuss  only  one. 

Consider  the  intersection  shown  in  Fig. 3.  Using  a similar  analysis  to  that  described  above  we 
find  that  the  powers  F2  and  F4  are  as  shown  in  Fig.  4a.  The  peak  coupling  has  been  increased  to  lOOZ 
and  shifted  to  a~0.  A breakdown  of  the  mode  content,  shown  in  Fig.  4b.  shows  a more  complicated 
dependence  of  mode  conversion  on  input  .ay  angles. 

3.  FABRICATION 

Devices  have  been  fabricated  by  an  ion  exchange  process  (Giallorenzi,  T.G.  et  al  1973).  Briefly, 
monovalent  sodium  ions  present  in  the  glass  substrate  as  the  metallic  oxide,  are  thermally  dissociated 
from  the  oxygen  and  diffuse  through  the  glass  into  a melt  of  a metallic  salt.  The  melt  consists  of  a 
theraally  dissociated  salt,  AgN03  in  our  experiments,  maintained  at  a few  hundred  degrees  centigrade, 
the  temperature  being  sufficiently  higb  to  cause  thermal  diffusion  of  the  monovalent  ion  Ag'^  into  the 
glass  where  it  replaces  the  out-diffused  Na'*’  ion.  The  larger  mass  and  higher  polarisability  of  the 
silver  ion  increase  the  refractive  index  of  the  glass. 

The  depth  profile  of  the  dopant  ion  concentration  below  the  substrate  surface,  is  controlled  by 
the  immersion  time  and  melt  temperature.  The  total  number  of  guided  depth-modes  produced  in  a thin 
film  waveguide  is  dependent  only  on  the  maximum  temperature  that  the  glass  can  tolerate  without 
surface  damage  ( 250°  C)  and  Che  imaersion  time  (see  Fig.  5).  The  refractive  index  depth  profile  has 

the  form  of  a half  Gaussian  / Complementary  Error  function. 

In  order  to  fabricate  defined  stripe  waveguides,  the  substrate  surface  was  masked  with  an  aluminium 
film.  The  stripe  pattern  was  exposed  by  photolithography  and  chemical  etching  of  the  aluminium  film 
to  allow  the  melt  to  contact  the  glass  in  the  desired  area.  The  total  number  of  depth  modes  in  the 
stripe  waveguide  depends  only  on  the  lifetime  of  the  aluminium  mask  in  the  corrosive  melt  (see  Fig.  6). 

4 . EXFERUeNTAL 

4.1  FRELIMINARY  RESULTS 

Extensive  tests  were  made  on  intersections  of  30  micron  wide  scrip  guides  of  the  type  shown  in  Fig.l. 

Fabrication  was  effected  by  imiersion  of  a microscope  slide  (refractive  index  1.5124),  suitably 
masked  with  an  aluadniias  film  approximately  1 urn  thick,  into  a laelt  of  silver  nitrate  held  at  250°  t 1° 
for  a pariod  of  30  min.  The  surface  refractive  index  of  the  guiding  layer  was  aeasured  as  1.593  at 
Che  haliuBi-neon  wavelength  of  0.63  pm.  The  equivalenC-s lab-waveguide  thickness  measured  by  the  priam- 
coupler  technique  was  1. 8-2.1  pm;  the  saam  measurements  gave  the  effective  refractive  indices  for  the 
three  modes  as  (B/k)._  • 1.5930,  “ 1.5815,  (6/k)_  • 1.5725.  These  valuea  were  used,  when 

a » Of  - 0,  Co  detenufie  the  Fresnel  renection  coefficients^in  the  modified  theory  mentioned  above. 

Heliia-neon  laser  light  at  X • 0.63  pm  was  injacted  into  one  of  the  three  depth  modes  via  a prism 
(refractive  index  1.7)  placed  over  arm  1,  and  a focusing  lens,  the  latter  being  necessary  to  restrict 
the  coupling  to  a single  arm.  The  laser  beam  was  further  oriented  in  the  xz  plane  so  that  laost  power 
wes  launched  into  a particular  transverse  sude  with  angle  a.  The  intensity  of  the  light  scattered  from 
the  waveguide  arms  was  assumed  to  bs  proportional  to  the  waveguide  power  and  was  determined  by  two 
methods.  In  the  first,  the  scattered  light  from  both  output  guides  was  scanned  by  a photodiode,  with 
a limited  aperture  of  200  pm,  at  a diataaca  1.5b  from  the  centre  of  the  junction;  these  precautions 
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being  nereaiary  to  avoid  detecting  acattered  light  from  the  interaection.  In  the  aecond  method,  a 
photographic  expoaure  waa  taken  and  aubaequently  analyaed  uaing  a photodenaitometer. 

Examination  of  the  photographic  expoaurea  ahowed  intenae  acattering  in  arm  3 along  the  aurface  DE, 
the  length  of  the  bright  line  agreeing  very  well  with  the  theoretical  value  given  by  eqn.  6.  The 
attenuation  in  arm  4 waa  conaiderably  greater  than  in  arm  1,  aince  aome  of  the  coupled  power  in  arm  4 
haa  been  ahifted  into  a higher-order  mode  with  angle  e *a. 

The  meaaured  variation  of  pcarer  in  arrna  2 and  4 with  angle  a waa  compared  with  theory  and  found  to  be 
in  excellent  agreement,  due  allowance  being  made  for  the  normal  acattering  lose  of  the  stripe  waveguides. 
Measurements  were  made  for  intersection  angles  6 - 4,  6,  6 and  12°. 

For  one  particular  case  with  6 • 6°  and  a ” 3°  the  loss  of  the  intersection  region  was  estimated  to 
be  less  than  2.4dB,  this  being  due  largely  to  the  scattering  from  the  length  DC , (Wi lson,M.C.P.et  al,1976). 

4.2.  RECENT  RESULTS 

An  extensive  programne  of  measurements  is  being  carried  out  on  a wide  variety  of  intersections  having 
X,  Y or  modified  X,  Y geometries.  One  object  of  this  programme  is  to  determine  the  dependence  of  coupling 
and  mode  conversion  on  the  intersection  geometry.  As  was  shown  in  Fig.  2 and  4,  significant  changes  can 
be  effected  by  relatively  small  changes  in  geometry. 

Whereas  the  preliminary  experimental  work  was  concerned  with  shallow  waveguides  supporting  only  3 
depth  modes,  the  present  programme  is  concerned  with  deep  guides  supporting  30  to  40  depth  modes  (see  Fig 
7.)  The  measured  critical  angle  for  width  and  depth  modes  is  - 15°.  A multimode  fibre  (NA  • 0.13) 

butt-jointed  to  the  polished  end  face  of  the  stripe  guide,  excites  all  modes  having  ray  angles  within  the 
range  o<  a < 5°;  the  stripe  waveguides  are  therefore  not  completely  'filled'. 

Measured  waveguide  losses  of  approximately  IdB/cm  are  due  largely  to  scattering  at  the  glass/air 
interface.  This  loss  could  be  much  reduced  by  suitably  cladding  the  waveguide. 

Experimental  results  for  X and  modified  X intersections  are  shown  in  Fig.  8.  The  intersection  loss 
was  too  small  to  be  resolved  in  our  experiments  but  was  estimated  to  be  a small  faction  of  a dB. 

For  large  6 the  coupling  is  small  and  the  device  operates  primarily  as  a waveguide  'cross-over' 
having  an  unwanted  cross  coupling  of  less  than  -30dB.  (This  figure  being  limited  in  the  present 
experiments  by  the  dynamic  range  of  the  measuring  apparatus). 

Similar  measurements  have  been  made  on  Y intersections  of  the  type  shown  in  Fig.  9.  Here  the 
coupling  is  determined  by  (a)  the  angle  6,  (b)  the  width  ratio  W3/W2  and  (c)  the  depth  of  the  side  arm 
relatiw  to  the  depth  of  the  main  arm.  Results  for  equi-depth  intersections  having  W2  ” 100  micron, 

W3  - 35  micron,  supporting  30  to  40  depth  modes,  are  shown  in  Fig.  10.  When  excited  at  port  1,  the 
intersection  loss  was  again  estimated  to  be  a small  fraction  of  a dB. 

The  simple  theory  described  in  Section  2 can  be  modified  to  treat  the  case  of  deep  waveguides. 
Assuming  uniform  distribution  of  power  with  angle  a for  width  and  depth  modes,  the  total  coupling  can  be 
obtained  by  integration  over  all  o.  The  result  for  the  Y intersection  is  shown  in  Fig. 10.  For  the  X 
intersection  at  0 - 90°,  the  theoretical  radiation  loss  can  be  shown  to  be  - 10  log  (l-4aj,/3ii)  dB 
where  o < a < Oj,  < Oj..  Thus  in  the  present  experiments  a,,  • 5°  and  a loss  of  0.16  dB  is  predicted. 

Little  attention  has  yet  been  directed  to  the  input  and  output  butt  joints.  It  is  expected  that 
low  loss  joints  could  be  fabricated  to  suitably  profiled  strip  waveguides. 

5.  CONCLUSIONS 

The  X intersection  has  possible  application  in  multimode  comnunication  systems  as  (a)  a power  divider 
and  (b)  a non-coupling  waveguide  cross-over.  The  power  division  is  accompanied  by  mode  conversion  which 
might  cause  difficulties  if  several  devices  were  operated  in  series  and  if  Che  full  range  of  angle  a was 
used.  In  a single  device  Che  performance  is  determined  by  Che  geometry  and  by  the  input  mode 
distribution.  For  fully  excited  guides  the  intersection  loss  can  be  minimised  by  appropriate  choice  of 
geometry. 

The  Y intersection  could  be  used  in  fibre  daca-highway  systems  as  an  access  coupler.  The  coupling  is 
again  determined  by  the  geometry  and  the  input  mode  distribution  (in  comson  with  other  access  couplers) 
the  geometry  can  be  reliably  reproduced  by  conventional  photo  lithographic  techniques.  The  intersection 
loss  is  very  low,  a small  fraction  of  a dB,  and  the  waveguide  loss,  at  present  IdB/cm,  could  be  much 
reduced  by  eliminating  the  waveguide-air  interface  and  introducing  a cladding  layer. 
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ABSTRACT 


An  optical  transition  fiber  Is  used  to  couple  between  a diode  laser  and  a single-mode  fiber. 
Coupling  optimization  Is  detailed  In  terms  of  fiber  size  and  refractive  Index.  Fabrication  techniques  and 
material -selecting  parameters  for  rectangular  fibers  used  to  make  the  transitions  are  discussed. 

1 . INTRODUCTIDN 

Optical  components  which  can  be  cleaved  or  cleanly  cut  are  generally  well-suited  to  coupling  by 
butt  Joints;  examples  of  this  sort  are  glass  fibers,  semiconductor  lasers,  and  Integrated  optic  components 
on  some  crystalline  substrates.  The  loss  In  butt-jolning  Is  In  general  due  to  geometrical  mismatches. 

The  example  of  heterojunction  laser  to  circular  fiber  coupling  (Illustrated  In  Figure  1)  Is  Inefficient 
use  of  butt-jolning  that  can  be  Improved  by  a geometrical  transition  between  the  laser  and  fiber  core. 

The  transition  In  this  case  Is  actually  an  optical  "funnel”  which  has  a rectangular  cross  section  matching 
the  laser  active  area  on  one  end  and  a round  cross  section  on  the  other  end. 

The  transition  structure  shown  In  Figure  2 has  been  formed  from  a drawn  Rectangular  fiber.  The 
core  end  cross  sections  match  typical  semiconductor  laser  and  single-mode  fiber  geometries  with  a transi- 
tion length  of  several  millimeters.  Experimental  data  Indicate  coupling  greater  than  35  percent  between 
the  butt  Joint  between  a double  heterostructure  laser  and  the  rounded  end  of  a transition  fiber.  This 
(unoptimized)  transition  coupling  efficiency  Is  about  five  times  better  than  the  maximum  efficiency  obtain- 
able by  the  direct  laser-fiber  butt-jolning  arrangement.  Transitions  must  couple  efficiently  to  conven- 
tional round  fiber,  as  well  as  to  the  diode  laser.  Simultaneous  optimization  of  both  the  laser-transition 
and  transition-round  fiber  connections  Is  required,  however.  The  maximum  overall  transition  coupling  ef- 
ficiency to  single-mode  fibers  obtained  to  date  has  been  only  3.5  percent.  Improvement  of  this  result 
Involves  a careful  analysis  of  the  coupling  problem  In  terms  of  optical  field  matching  at  both  ends  of  the 
transition.  Analytical  work,  presented  later  In  this  paper.  Indicates  that  total  coupling  efficiency  from 
the  laser  to  a single-mode  round  fiber  through  a transition  can  be  expected  to  be  about  50  percent. 

2.  COUPLING  OPTIMIZATION 

The  key  to  efficient  coupling  between  laser  and  transition  and  between  transition  and  fiber  Is 
matching  optical  fields.  This  can  be  done  In  the  laser-transition  case  by  measuring  the  near  field  light 
Intensity  distribution  for  the  laser  and  varying  waveguide  thickness  and  numerical  aperture  to  maximize 
the  llght-elgenfunctlon  overlap  Integral.  It  should  be  noted  that  numerical  aperture  Is  used  only  to  In- 
fer relative  fiber  Indices;  for  near  field  coupling  situations,  a conventional  analysis  of  source  diver- 
gence angles  does  not  give  very  useful  results. 

Laser  near  field  Intensity  measurements  were  obtained  with  the  setup  shown  In  Figure  3.  A micro- 
scope focused  onto  the  laser  output  facet  projects  a magnified  Image  of  the  laser  on  a masked  detector. 

As  the  ulvanometer-driven  mirror  moves,  the  detector  responds  to  different  portions  of  the  Image.  Within 
the  limitations  of  tha  optical  system,  the  near  field  Intensity  distribution  can  be  accurately  plotted. 

For  system  adjustments  the  x-y  plotter  Is  replaced  with  an  oscilloscope  and  scanner  speed  Increased.  Typi- 
cal scans  across  the  active  region  of  the  RCA  room- temperature  CW  laser  are  shown  In  Figure  4.  Since  these 
data  were  found  to  fit  a Gaussian  function  well  (Figure  5),  subsequent  computations  were  based  on  the  Gaus- 
sian rather  than  raw  data. 

Transition  eigenfunctions  were  calculated  from  the  three-layer  synaetrlc  waveguide  characteristic 
equations  for  the  geometry  shown  In  Figure  6. 
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When  these  fields  are  fitted  to  laser  output  measurements,  coupling  efficiency  can  be  calculated. 

Figure  7 Indicates  the  match  for  two  transition  eigenfunctions  with  calculated  coupling  efficiency 
for  each.  As  one  might  Imagine,  the  best  match  between  laser  and  transition  fiber  Is  obtained  when  normal- 
ized field  curves  coincide.  One  measure  used  (Smith,  R.  B.,  1975)  to  evaluate  the  match  between  these 
similarly  shaped  field  functions  Is  the  width,  o,  of  each.  When  the  transition  o Is  equal  to  the  laser  o, 
coupling  efficiency  Is  highest.  The  optical  width  of  the  transition  decreases  as  t-  decreases,  until  the 
guided  mode  approaches  cutoff.  At  this  point  the  optical  width  Increases  (to  a • ^^en  t.  -r  0).  This 
behavior  Is  shown  In  Figure  8.  If  the  o-wldth  for  the  laser  Is  the  dashed  line,  coupling  efficiency  would 
be  expected  to  peak  where  transition  optical  width  Is  near  this  line.  Comparing  thickness  values  between 
Figure  8 and  Figure  9,  a plot  of  efficiency  Indicates  that  this  Is  true. 

One  conclusion  that  can  be  drawn  from  Figures  8 and  9 Is  that,  so  long  as  some  minimum  NA  Is  main- 
tained, efficient  coupling  between  the  laser  and  fiber  are  possible.  Because  It  Is  also  necessary  to  ef- 
ficiently couple  the  round  end  of  the  transition  fiber  to  a conventional  single-mode  fiber,  another  factor 
affects  the  choice  of  NA,  however.  If  a 1 x 15  vm  rectangular  transition  Is  rounded  without  changing  cross 
section.  It  produces  a five  um  core  diameter.  In  order  to  be  a single-mode  guide,  this  fiber  must  satisfy 
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or 

N.A.  • (n^  - n^)**  < 0.13 
for 

« 0.83  um 
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If  this  end  can  be  coupled  to  a single-mode  fiber  with  80  percent  efficiency  and  If  the  loss  within  the 
transition  Is  one  d8,  the  maximum  overall  coupling  efficiency  from  the  laser  to  the  fiber  can  be  as  high 
as  50  percent. 

3.  FABRICATION  TECHNIQUES 

The  fabrication  of  the  transition  (Natsumoto,  R.  L.  K.,  1975)  Is  a four-step  process:  1)  drawing 
the  rectangular  core  preform;  2)  making  the  core-clad  preform;  3)  drawing  the  clad  rectangular  ribbon;  and 
4)  forming  the  rounded  end  of  the  transition  device.  The  formation  of  clad  rectangular  fiber  relies  on  the 
fact  that  the  aspect  ratio  of  the  preform  Is  retained  during  drawing  Into  a ribbon,  while  the  cross-section 
dimensions  are  reduced  by  factors  of  20  to  100.  The  round  end  of  the  transition  structure  Is  produced  by 
localized  heating  and  rounding  by  surface  tension  forces.  The  transition  structures  are  quite  short  (typi- 
cally one  cm),  so  absorption  losses  In  the  transition  structures  are  not  critical.  This  means  that  any 
good  quality  optical  glasses  with  appropriate  Indicles  and  fairly  close  softening  points  and  thermal  expan- 
sion coefficients  may  be  used. 

For  Initial  work.  Corning  7740  was  used  for  the  cladding  material  and  Corning  7059,  for  the  core. 

The  properties  of  these  glasses  are  given  In  Table  I.  There  are  several  other  families  of  optical  glasses 
available  from  connerclal  suppliers  which  have  thermal  properties  appropriate  for  transition  fabrication. 
(See  Table  II.)  The  optical  criteria  for  selection  were  developed  In  the  previous  section. 

The  core  preform  was  a 26  x 213  um  ribbon  drawn  on  a fiber-pulling  machine  from  a polished  plate 
0.5  mi  thick  and  25  nm  wide.  One  draw  produced  several  hundred  meters  of  core  preform.  A ten  cm  length 
of  this  ribbon  was  placed^between  two  strips  of  cladding  glass  0.8  mm  th1c|j  by  25  nm  wide,  and  the  preform 
sandwich  was  fused  at  780°C  In  a furnace  which  was  heated  and  cooled  at  14  C/mln.  The  final  clad  rectangu- 
lar waveguldg  was  then  drawn  from  this  preform  In  a vertical  fiber-drawing  apparatus  with  a resistance  fur- 
nace at  1100  C.  Two  or  three  hundred  meters  of  rectangular  waveguide  can  be  made  In  one  draw  from  a pre- 
form. Maintenance  of  the  rectangular  cross  section  during  drawing  depends  on  the  temperature  of  the  drawing 
furnace.  Figure  10  shows  the  effect  of  drawing  temperature  on  waveguide  cross  section. 

The  transition  Is  formed  by  localized  heating  In  the  center  of  a ten  to  20  cm  piece  of  rectangular 
waveguide.  Several  successful  rounding  techniques  were  utilized,  ranging  from  horizontal  support  and  heat- 
ing with  a wooden  match  to  vertical  suspension  and  a platinum  heating  coll.  The  vertical  system  has  an 
advantage.  In  that  the  cross  section  of  the  round  end  could  be  reduced  by  slight  elongation.  Figure  11 
shows  typical  small  core  transition  structures. 

It  was  found  that  the  rounding  process  was  controlled  by  the  cladding  (Dalgoutte,  D.  G.,  1975). 

In  order  to  produce  round  cores,  the  aspect  ratio  (width/thickness)  of  the  rectangular  core  should  be  one 
to  two  times  the  aspect  ratio  of  the  cladding.  In  one  core  In  which  the  rectangular  core  was  relatively 
large  (8  x 68  um),  the  flow  during  rounding  produced  an  Irregular  core  cross  section,  as  shown  In  Figure  12. 
The  flow  process  during  rounding  and  the  shape  of  the  transition  core  are  currently  being  Investigated. 

*.  EXPERIMENTAL  MEASUREMENTS 

The  first  transitlo.is  evaluated  were  made  from  Corning  7059  and  7740  glasses.  Since  this  combina- 
tion has  a relatively  high  NA  of  0.42,  the  best  coupling  can  be  obtained  with  a guide  thickness  of  3.0  pm, 
as  shown  In  Figure  9.  For  transitions  which  had  two  to  three  dB  Internal  losses,  the  best  coupling  effi- 
ciency obtained  for  diode  laser  light  coupled  through  a rectangular-to-round  transition  was  -4.6  dB  (35 
percent).  Unfortunately,  for  reasonable  core  cross  sections  the  7059/7740  glass  fiber  Is  multimode,  and, 
as  a consequence.  It  does  not  couple  well  to  single-mode  fibers.  Measured  loss  for  this  laser- transltlon- 
slngle-mode  fiber  combination  Is  14  dB  (3.5  percent). 

Improved  transitions  have  been  made  from  a family  of  Schott  glasses  with  nearly  Identical  thermal 
and  mechanical  properties  (Table  II).  These  glasses  allow  selection  of  a wide  range  of  fiber  NA  and  should 
prove  to  be  much  more  efficient  than  previously  evaluated  transitions. 
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Corning  7040 
(cladding) 

Corning  7059 
(core) 

Type 

Borosll Icate 

Barlum-AlumlnO' 
Borosll Icate 

Index  of  Refraction 

1.474 

1.530 

Coefficient  of  Thermal  Expansion 

35  X 10'^  V’ 

46  X 10'^  Oq-^ 

Anneal  Point 

560°C 

6350c 

Softening  Point 

821  °C 

8420c 

Working  Point 

12520c 

1160Oc 

Table  I.  Properties  of  Glasses  Used  to  Make  Transitions 
###########’ 


Schott 

Expansion 

Glass 

Index 

Coefficient 
at  -30Oc/+70Oc 

Trans  Iticii 

Glass  Type 

n^j 

Temperature 

SKI 

1.61025 

61/71  X lO'Vc 

650Oc 

2 

1.60738 

60/70 

654 

6 

1.61375 

62/72 

648 

8 

1.61117 

60/70 

638 

9 

1.61405 

60/70 

641 

11 

1.56384 

65/76 

610 

12 

1.58313 

64/75 

633 

13 

1.59181 

68/79 

620 

SSK2 

1.62230 

62/71 

636 

3 

1.61484 

66/76 

615 

4 

1.61765 

61/71 

639 

SSKN5 

1.65844 

68/79 

641 

Table  II. 

Optical  Glasses 

Parameters  of  Interest  to  fiber  designers  are  listed.  This  table  Illustrates  the 
range  of  refractive  Index  available  from  glasses  having  matched  mechanical  and 
thermal  properties. 
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Fig.  1 The  rectangular  output  aperture  of  a typical  double  heterostructure  laser  is  poorly  matched  to  the 
core  of  a single  mode  fiber.  Coupling  between  a laser  and  a fiber  can  be  improved  by  a transition 
structure  of  “optical  funnel”  shown  in  the  lower  drawing 
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Fig. 2 Transition  shown  beside  a 1/4  watt  resistor.  The  large  end  of  the  transition  has  a rectangular 
(core  and  cladding)  cross  section  whereas  the  small  end  is  circular.  This  transition  was  formed  by 
drawing  a rectangular  preform  into  a fiber  and  then  rounding  the  fiber 
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Fig.5  Gaussian  fit  to  data  from  the  upper  curve  shown  in  Figure  4.  The  Gaussian  function  is  used 
to  simplify  calculations  involving  intensity  profile  data 
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Fig.6  Transition  structure  presuming  infinite  thickness  clad.  For  coupling  analysis,  field  variation 

in  the  y-direction  are  not  considered 
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Fig.8  Lowest  order  guided  mode  width  as  a function  of  waveguide  thickness  t] . As  tj  decreases, 
the  guided  mode  begins  to  widen  as  the  guide  approaches  cutoff.  For  a given  laser  e.g.  a = 0.66  /im 
best  coupling  efficiency  is  expected  when  the  guided  mode  width  approaches  the  laser  width 
Several  values  of  numerical  aperture  (NA)  are  shown 
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Drawn  rectangular  fiber  cross  sections  illustrating  the  effect  of  furnace  temperature  variations. 
From  top  to  bottom  low,  correct,  high  temperature 


Fig.  1 1 Views  of  (a)  rectangular  end  and  (b)  the  rounded  end  of  a transition  Fiber.  The  rounding  is  a 
result  of  surface  tension  and  flow  forces  in  a locally  heated  region  of  a rectangular  cross  section  fiber 
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Fij!.  1 2 Improperly  formed  core  in  the  rounded  end  of  a transition  fiber 
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H.  F.  Taylor,  Naval  Electronics  Laboratory  Canter,  San  Diego,  CA  92152 

SUMMARY 

The  purpose  of  this  paper  Is  to  analyze  an  electrooptic  A/D  converter  which 
proalses  high  speed  and  la  capable  of  being  Integrated  on  one  chip.  The 
proposed  device  utilizes  an  array  of  optical  branching  waveguide  nodulator 
channels  f!>  'cated  In  a linear  electrooptic  naterlal.  In  each  channel,  light 
froa  an  appropriate  laser  source  la  coupled  Into  a single  node  waveguide.  The 
waveguide  branches  Into  ttre  parts.  In  which  the  light  Is  phase  nodulated  by 
the  Input  analog  voltage  signal.  Light  fron  the  two  branches  la  brought 
together  Into  another  section  of  single-node  waveguide.  The  output  of  this 
waveguide  la  detected,  and  the  detector  output  passed  through  an  electronic 
analog  conparator.  The  output  of  the  conparator  represents  one  bit  In  the 
digital  representation  of  the  Input  signal.  Electrode  lengths  for  the 
nj^ulator  channels  In  an  N-blt  converter  are  chosen  In  the  ratio 
2”,  n = 0,  1, . . . , N-1. 

It  Is  possible  to  apply  a static  (dc)  bias  voltage  to  each  of  the  channels 
to  Inplenent  various  digital  coding  schanes.  The  use  of  a Gray  scale  for  the 
device  output,  for  exanple,  would  ellnlnate  anblgultles  idilch  can  arise  In 
other  binary  codes  In  which  two  or  more  bits  can  change  In  value 
simultaneously. 

U 

The  optical  A/D  converter  would  require  only  N comparators  (vs.  2 for  an 
electronic  parallel  converter),  and  each  comparator  would  operate  with  the 
same  signal  level.  Furthermore,  the  use  of  a repetitively  pulsed  laser  source 
would  provide  a "sampling  window"  to  eliminate  the  need  for  an  electronic 
sample-hold,  or  at  least  relax  the  drift  tolerance  for  such  a device. 

The  electronic  comparator  is  a limiting  factor  in  determining  the  speed 
with  which  the  device  could  operate.  Present  commercial  comparators  are 
limited  to  about  400  MHz,  but  considerable  Improvement  using  newer,  fast  logic 
can  be  anticipated.  The  ntaber  of  bits  of  precision  la  limited  by 
noise-ln-signal  at  the  photodetector  and  comparator  overdrive  requirements. 

The  high  speed  and  low  power  requirements  of  the  proposed  A/D  converter 
make  It  attractive  for  many  military  applications  Including  high  resolution 
radar  and  wideband  receivers.  Hence,  the  development  of  Integrated  optical 
signal  processing  components  such  as  the  A/D  converter  could  have  a 
significant  Impact  on  the  capability  of  future  military  systems. 

INTRODUCTION 

Analog-to-dlgital  (A/D)  converters  (Hoeschele,  D.  F. , 1968; 

Shelngold,  D.  H. , and  Ferrero,  R.  A.,  1972)  are  widely  used  to  translate 
sensor  measurements  Into  the  digital  language  of  computing.  Information 
processing,  and  control  systems.  In  some  instances,  the  performance  of 
military  equipment  Is  limited  by  the  speed  with  which  present  A/D  converters 
can  function.  Gulded-wave  eleotrooptic  devices  provide  an  alternative  to 
conventional  techniques,  with  the  potential  for  high-speed  operation  (Wright, 
S.  et.  al.  1974;  Taylor,  H.  F.,  1975).  This  paper  analyzes  an  electrooptic 
technique  for  A/D  conversion  based  on  an  interferometric  Intensity  modulator, 
and  Indicates  the  advantages  In  comparison  with  present  or  alternative 
methods.  Potential  military  applications  are  also  discussed. 

DEVICE  DESCRIPTION  AND  ANALYSIS 

The  basic  circuit  of  the  electrooptic  A/D  converter  is  shown  in  Fig.  1. 

The  circuit  consists  of  a branching  waveguide  Interferometric  modulator,  a 
laser,  a photodetector,  and  an  electronic  comparator.  The  A/D  converter  makes 
uae  of  the  fact  that  the  output  of  the  optical  Intensity  modulator,  the 
operation  of  which  is  based  on  a linear  alectrooptlc  phase  retardation 
(Kamlnow,  I.  P.,  1975),  varies  in  a periodic  fashion  as  a function  of  an 
applied  voltage.  Similarly,  each  bit  in  the  binary  representation  of  an 
analog  quantity  la  a periodic  function  of  the  value  of  that  quantity. 

A schematic  diagram  of  the  A/D  converter  la  given  in  Fig.  2.  Basically,  It 
consists  of  an  array  of  circuits,  such  as  that  shown  in  Fig.  1,  In  which  the 
length  of  the  electrodes  on  each  modulator  Is  tailored  such  that  a binary  code 
la  generated  as  the  applied  analog  voltage  varies.  The  waveguide  modulators 
(Martin,  H.  E.,  1975;  Ohmaohl,  Y.  and  Noda,  J.,  1975)  are  fabricated  In  a 
single  crystal  substrata  of  a linear  (Pockela)  eleotrooptic  material.  Each 
waveguide,  which  can  support  one  guided  mode.  Is  exalted  by  linearly  polarized 
light  from  a CW  laser.  A signal  voltage  V Is  applied  across  each  waveguide. 
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The  aleotrooptlo  Interaotlon  Isngth  for  the  n’th  lavagulde,  as  dsteralned 
by  the  length  of  the  signal  electrodes,  is  given  by 

L„  . 2"‘\,  n * 1,  2,  3.... 

The  phase  of  the  light  In  one  branch  it  retarded  with  respect  to  the  other 
branch  by  an  asuunt  given  by 

At'  * 2"‘^ICL,V. 
n 1 

The  value  of  the  constant  K la  deteralned  by  the  electrooptic  coefflcienta  of 
the  aaterlal,  the  waveguide  paraaetera,  and  the  electrode  apacing.  The 
Intensity  of  light  aaerglng  froa  the  nth  waveguide  aodulator  la  given  by 

X ooa^{ir/2  ♦ 


where  is  a static  phase  shift  and  la  the  aodulatlon  aaplltude. 

The  light  eaerglng  froa  each  of  the  aodulators  la  detected  and  aapllfled, 
and  a binary  representation  of  V is  obtained  by  electronically  ccaparlng  the 
Intensity  I with  a threshold  I , and  generating  a "one*  or  "zero*  for 
the  n’th  bit  based  on  the  outcoae  of  the  ccaparison.  For  exaaple,  an  offset 
binary  code  for  a bipolar  signal  Is  obtained  If  V s ’’/A  for  each  n by 
generating  a "one*  for  the  first  bit  If  > 1^  and  a "one*  for  the  n'th 

bit,  for  the  n'th  bit,  n x 2,  3, If  I > I . . The  required  values  for 

the  t 's  are  obtained  by  applying  a dc  voltage^Vj.  to  a short  section  of 
waveguide  In  each  aodulator.  The  Intensity  aha  the  corresponding  offset 
binary  code  are  plotted  as  a function  of  V InFlg.  3 for  a device  with  3-blt 
precision.  It  la  evident  froa  Fig.  3 that,  as  T changes,  it  is  possible  for 
two  or  even  all  three  bits  to  change  in  value  slaultaneoualy . Significant 
errors  In  the  conversion  are  aost  likely  to  occur  for  values  of  V near  these 
Intensity  crossover  points.  One  way  to  avoid  this  problea  Is  to  use  a Gray 
scale  Instead  of  a pure  binary  coda.  The  only  change  froa  the  offset  binary 
device  Is  in  values  for  the  static  phase  shifts  ( I'. ’a).  Variations  in  the 
Intensity  coaponents  I for  a four-bit  Gray-scale  converter  are  Illustrated 
In  Fig.  <t.  Since  the  Value  of  only  one  bit  changes  for  saall  variations  In  V, 
the  probability  of  error  In  one  of  the  aost  significant  bits  la  greatly 
reduced.  Furtheraore,  In  a device  of  given  length,  one  aore  bit  of  precision 
can  be  obtlned  with  the  Gray  code  than  with  the  offset  binary  code. 


The  nuaber  of  bits  of  precision,  N,  which  can  be  obtained  with  a Gray  code 
Is  related  to  the  length  of  the  waveguides  according  to 


n X logjd/lx)  ♦ 2,  (2) 

lAierelxls  the  alnlaia  length  required  for  a pl-radlan  electrooptic  phase 
retardation.  The  foraula 


= 


dV 


(3) 


relates  lx  to  the  electrode  spacing  d,  the  half-wave  voltage  V of  the  aaterlal 
and  the  aaxlaia  applied  voltage  V . (It  Is  assuaed  that  V varies  between  * 
V^.)  The  factor  of  2 In  that  eqjtlon  arises  froa  the  fact  that  V Is 
applied  to  both  branches  of  the  aodulator  structure.  As  a nuaerloal  exaaple, 
the  electrooptic  aaterlal  is  assisMd  to  be  LlNbO  , oriented  with  the  o-axls 
In  the  device  plane  and  perpendicular  to  the  waveguide  axes  (see  Fig.  1).  The 
value  of  V In  that  aaterlal  using  the  r.,  coefficient.  Is  2000  V at  63F8  A 
for  an  applied  field  parallel  to  the  c-nls  and  propagation  perpendicular  to 
that  axis.  If  V x 4.7  volts  and  d x 5 ua,  corresponding  to  an  average 
field  strength  or  9600  V/ca  between  the  electrodes,  the  value  for  lx  Is 
estlaated  froa  (3)  to  be  1.08  aa.  According  to  (2)  the  length  of  a 6-bit  A/D 
converter  with  these  paraaetera  la  1.7  oa. 


The  electrical  power  required  to  drive  the  aodulator  Is  an  laportant 
paraaeter  of  the  device.  This  can  be  oalculated  frca  the  foraula 

P X t (k) 


1 


where  B is  the  aodulatlon  bandwidth  and  C la  the  electrode  capacitance.  If 
the  wldtha  of  the  electrodes  and  the  spacing  between  then  are  of  equal 
aagnltude,  the  capacitance  Is  approxlaately  given  by 

C X (c^  ♦ c ) L 

where  L la  the  total  elecy'ode  length.  In  thla  case  given  by 
n»  1 
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But  L = I,  where  1 Is  the  total  length  of  the  Intorferoaetrlo 
sections  of  the  ■odulstors,  so  evslusting  the  sua  yields 

L ~ 4 1 
-IS 

But  e = 8.9  X 10  f/c«,  and,  In  lithium  nlobate,  €~l(0t.>  ®o 

If  I i°1.7  OB,  then 

C * 25  pf 

For  a signal  bandwidth  of  500  MHz  (corresponding  to  a Nyqulst  saopllng  rate  of 
1 GHz)  the  power  calculated  froa  these  equations,  assmlng  V = S.7,  is 
500  aH.  " 

In  teras  of  overall  power  dissipation,  the  optical  device  offers  a 
substantial  laproveaent  over  conventional  A/D  converters,  primarily  because  of 
the  reduction  In  prime  power  required  to  drive  the  coaparators.  For 
conversion  at  a 1-Gb/s  sampling  rate,  it  Is  estimated  that  the  power 
dissipation  Is  of  the  order  of  0.5  H per  comparator.  The  64  comparators  in  an 
electronic  parallel  A/D  would  therefore  dissipate  32  watts,  versus  only 
3 watts  for  the  optical  device.  Assining  0.3  watt  for  a laser  source, 

0.5  watt  for  the  electro-optic  portion  of  the  device,  and  0.6  watt  each  for  the 
6 photodetector/ampllfters  raises  the  total  to  only  7.5  watts  for  the  optical 
device. 

A limiting  factor  in  Implementing  fast  A/D  converters,  either  electronic  or 
Bleotrooptlo,  is  the  speed  of  the  analog  oomp|rator.  Present  coaaerclal 
devices  operate  at  a rate  of  less  than  4 x 10  comparisons  per  second, 
although  continuing  improvements  In  high-speed  logic  devices  encourage  us  to 
anticipate  faster  comparators  in  the  near  future.  Ultimately,  the  best 
solution  might  be  to  Integrate  the  comparator  by  fabricating  it  In  the  form  of 
an  Integrated  optical  logic  device  on  the  same  electro-optic  substrate  as  the 
waveguide  modulators. 

ALTERNATIVE  TECHNIQUES  FOR  A/D  CONVERSION 

The  most  common  method  for  performing  high-speed  ( > 25  megawords/second) 

A/D  conversion  is  to  compare  the  input  voltage  V with  reference  voltages  which 
correspond  to  different  levels  in  the  digital  representation  of  V.  This  Is 
referred  to  as  the  "parallel"  method,  since  all  the  comparisons  are  done 
simultaneously.  A three-bit  parallel  converter  Is  Illustrated  In  Fig.  5.  The 
reference  voltages,  which  are  set  by  a resistor  chain,  are  each  supplied  as  an 
Input  to  an  analog  comparator.  The  Input  voltage  is  supplied  through  a second 
resistor  chain  as  the  other  input  to  each  comparator.  The  high  speed  results 
froa  the  fact  that  all  o£  the  comparisons  are  done  in  parallel,  but  a large 
number  of  comparators  (2*^-1  for  an  N-blt  converter)  are  needed  to  accomplish 
this.  Furthermore,  electronic  logic  elements  are  required  to  convert  the 
comparator  outputs  to  a binary  representation  of  V. 

Open-loop  successive  approximation  is  a technique  for  "pipelining"  the 
conversion  process  by  computing  the  most  significant  bits  first  and 
determining  the  reference  voltage  for  each  subsequent  bit  from  the  comparator 
outputs  for  previously  computed  bits.  A time  delay  is  required  to  allow  for 
the  computation  of  the  most  significant  bits  before  V is  applied  to  the 
coaparators  which  compute  less  significant  bits.  Only  N comparators  are 
required  with  this  method,  but  the  synchronization  problems  are  more  severe 
and  the  time  delay  between  input  and  output  is  considerably  greater  than  with 
the  completely  parallel  approach. 

The  fastest  devices  which  are  commercially  available  at  the  present  time 
perform  10°  conversions/second  with  6-8  bits  of  precision  (Riaael,  A.  U. , 

1975).  A device  marketed  by  TRW  utilizes  two  interleaved  converters,  each  of 
which  operates  at  5 x 10^  conversiona/second  and  utilizes  both  parallel  and 
serial  logic  with  ECL  coaparators.  Algo,  Bloaation  and  Phoenix  supply 
converters  with  conversion  rates  of  10°  words/seo;  both  use  parallel 
conversion  schemes.  The  Bloaation  device  uses  TTL  coaparators  while  the 
Phoenix  device  employs  ECL.  Aeroflex  has  developed  an  800  HH/sec  6 bit  A/D 
converter.  The  Aeroflex  system  uses  an  interleaved  parallel  conversion  scheme 
and  ECL  logic;  the  system  requires  roughly  800  watts  of  prime  power. 

Several  companies  bave  proposed  or  are  developing  devices  with  conversion 
rates  in  excess  of  10°/seoond.  Parallel  and  auooesslve-approxlaation 
schemes  using  ECL  coaparators  ar^  among  the  most  common  approaches.  TRW  is 
scheduled  to  deliver  a developmental  5-blt,  400-mega word /second  (Mw/s)  device 
to  an  Air  Force  sponsor  in  the  near  future.  A novel  technique  in  which  the 
applied  voltage  V deflects  an  electron  beam  in  an  electron-bombarded 
seal conductor  devloe  is  being  pursued  by  the  Uatkins-Johnson  Company.  An 
eleotrro-optio  devloe  which  uses  a phase  grating  to  deflect  a guided  light  beam 
has  been  demonstrated  at  University  College,  London  (Wright,  S.  et.  al., 

1974).  That  device  is  capable  of  operating  at  high  speeds,  but  is  inherently 
limited  to  only  3 bits  of  precision.  NRL  (Oiallorenzl,  T.  0.,  1976)  has 
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proposad  an  attractive  alectrooptlo  A/D  conversion  circuit  which  should  be 
capable  of  high  speed  at  low  powers;  however,  It  will  be  difficult  to 
Integrate  that  circuit  onto  one  chip.  Another  novel  approach  to  A/D 
conversion  would  utilize  superconducting  Josephson-junctlon  arrays. 

COHPARISON  OP  ELBCTRO-OPTIC  A/D  CONVERTER  WITH  PRESENT  TECHNIQUES 

The  electro-optic  A/D  converter  can  potentially  provide  several  advantages 
a In  ooaparlson  with  conventional  fast  parallel  A/D  converters.  First,  the 

nuBbar  of  ooaparators  would  be  dranatlcally  reduced,  froa  2"  to  N,  for  an 
N-blt  converter  (e.g.,  froa  64  to  6 for  a 6-blt  converter).  This  would 
substantially  reduce  the  electrical  power  drain  of  the  unit  ( --POObW  each  for 
ooaaerclal  200-MHz  ECL  ooaparators)  and  would  greatly  slapllfy  the  tlalng 
problaas  which  occur  In  electronic  converters  because  of  the  large  nuabar  of 
ooaparators. 

Another  advantage  of  the  optical  device  la  that  the  use  of  a repetitively 
pulsed  (aode  locked)  laser  source  could  ellalnate  the  need  for  a 
aaaple-and-hold  device.  The  function  of  a saaple-and-hold  In  an  A/D  converter 
Is  to  saaple  the  signal  at  fixed  tlae  Intervals  and  aalntaln  the  value  of  the 
saaplad  signal  during  the  tlae  a conversion  takes  place.  The  output  of  the 
saaple-and-hold  la  the  voltage  Input  to  the  device  which  actually  parforas  the 
conversion.  The  drift  of  the  saaple-and-hold  aust  be  less  than 
tlaea  the  full  voltage  swing  to  obtalnN  bits  of  precision,  and  the  Jitter  in 
the  saapllng  clock  aust  be  less  than  2~'  tlaea  the  conversion  period; 
e.g.,  8 ps  for  a 1-glgaword/second  (Ow/s),  6-blt  converter.  With  a short 
optical  pulse,  the  width  of  the  pulse  would  provide  a tlae  window  for 
perforalng  a saapllng  operation.  Techniques  to  provide  aode  locked  pulse 
widths  as  short  as  5 ps  using  ooapact  solid  state  lasers  are  being  studied 
(Hill,  K.  0.,  et  al,  1976;  Tsukada,  T.  and  Tang,  C.  L.,  1976;  Hashlo,  K. 
et  al,  1976).  It  has  been  calculated  that  a 100  ps  pulse  width  would  be  short 
enough  for  a 1-Clgaword/seoond,  6 bit  converter  and  the  pulse  repetition 
Interval  for  these  lasers  should  be  stable  enough  to  satisfy  the  requlreaents 
Indicated  above.  Additional  work  will  be  needed  to  perfect  acde-locked  lasers 
suitable  for  use  with  the  optical  A/D  converter. 

A final  feature  of  the  optical  A/D  converter  la  that  the  output  can  be 
recorded  directly  upon  photographic  file.  This  would  oake  It  possible  to 
collect,  digitize,  and  sake  a permanent  record  of  data  at  a very  high  rate. 

The  data  could  then  be  processed  later  at  more  convenient  speeds. 

A siamary  of  the  critical  characteristics  of  the  eleotrooptlo  A/D  converter 
Is  presented  In  Table  1. 

TABLE  1 HIGH-SPEED  ELECTRO-OPTIC  A/D  CONVERTER— SUHIARY 

Present  method:  High-speed  electronic  logic 

Elements  of  Integrated  optics  device: 

Array  of  modulators  on  electro-optic  substrate 
Injection  laser  source 
Sample-and-hold  Interface 
Avalanche  photodiode  detectors 
Electronic  comparators. 

Potential  advantages  of  Integrated  optics  device: 

Fewer  comparatcrs  (N  versus  2**) 

No  sa^>le-and-hold  with  pulsed  light  source 
Lower  electrical  power  dissipation 
Optical  output  can  be  recorded  directly  on  film. 

Disadvantages: 

Developaent  needed 

Not  cost  competitive  at  low  ( 25-Nw/s)  conversion  rates 

Limited  to  8 bits  of  precision  for  parallel  operation 

Performance-limiting  factors: 

Present  ooaparators  operate  at  400  HHz 
Speed  of  avalanche  photodiodes  Halted  to~  1 GHz. 

Potential  performance: 
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Near-term  (1-3  years)  400  aagaword/seoond , 6 bits 
Interaadlata  term  (3-6  years)  1 glgaword/seoond,  6-8  bits. 


I 


Nijor  technology  developaent  needed: 


Hultlohannel  aodulator  fabrication 
Node- locked  lasera 
Laaer-aodulatop  coupling  techniques 
Faster  coaparators 

POTBHTIAL  APPLICATIONS 

A nuaber  of  allltary  systeas  have  been  Identified  as  potential  application 
areas  for  an  electrooptic  A/D  converter  (Dillard,  G.  N.,  et.  al.,  1977). 

These  are  for  the  aost  part  systeas  In  which  signal  processing  perforaance  is 
Halted  by  the  speed  of  present  electronic  converters. 

Signal  processors  for  high-resolutlon  radars  (HRR)  with  a bandwidth  which 
Is  typically  of  the  order  of  500  HHz,  could  aake  effective  use  of  faster  A/D 
capability  In  several  ways.  The  range  resolution  of  real-tlae  synthetic 
aperture  radars  Is  inversely  proportional  to  the  conversion  rate.  An  Increase 
In  conversion  rate  froa  100  HH/s  to  500  NW/s,  for  exaaple,  would  Improve  range 
resolution  from  about  3 aeters  to  about  0.6  meters.  Paster  conversion  rates 
would  make  It  possible  to  perform  aonopulse  HRR  Imaging  on  a pulse-by-pulse 
basis,  rather  than  sampling  a large  number  of  successive  pulses  to  reconstr^tct 
a single  return  signal.  Target  classification  would  also  be  aided  by  the 
Improved  resolution  available  to  a digital  processor.  High-speed  A/D's  would 
also  be  useful  as  a aeans  of  discriminating  true  returns  from  those  generated 
by  repeater  Jaamers.  A final  HRR  application  would  Involve  the  use  of  the 
optical  A/D  In  conjunction  with  a fiber  delay  line  for  pulse-to-pulse 
integration  as  a aeans  of  clutter  suppression.  Such  a radar  processing 
technique  could  be  used,  for  exaaple,  for  obstacle  avoidance  for  high-speed 
surface-effect  ships. 

Two  examples  of  how  high-speed  A/D  converters  might  be  used  In  electronic 
warfare  (EW)  systems  are  Illustrated  in  Fig.  6 and  Fig.  7.  The  optical 
analog-to-dlgltal  converter  operating  at  glgaword/s  rates  combined  with  long 
recirculating  fiber  optic  delay-line  memory  loops  can  store  broadband  (300  to 
500  HHz)  signal  data  excerpts  (1000  to  2000  microseconds)  for  Indefinite 
periods  of  time  (see  Fig.  6).  This  would  provide  the  capability  to  analyze 
repetitively  a time  slice  of  signal  spectrum  in  an  adaptive  hypothesis  testing 
manner.  Airborne  systems  could  use  this  technique  for  fine-grain  pulse 
analysis  and  signature  recognition. 

An  extension  of  the  recirculating  spectrum  storage  technique  utilizing  a 
two-channel  receiver  (see  Fig.  7.)  could  compute  direction  of  arrival  (DOA)  on 
spread-spectrum  signals  utilizing  cross  correlation  or  convolution  to  derive 
time  difference  of  arrival.  This  method  has  the  advantage  of  substantial 
slgnal-to-nolse  improvement  (because  of  signal  autocorrelation)  over 
leading-edge  gating  and  carrier-frequency  Independence,  as  well  as 
slgnal-to-noise  Improvement  over  interferometer  techniques.  The  technique 
would  be  useful  primarily  with  signals  above  500  NHz,  with  bandwldths  In 
excess  of  100  HHz. 

Another  Interesting  application  of  the  optical  A/D  converter  Is  In 
Intelligence  data  collection.  In  this  case,  it  alght  prove  expedient  to 
eliminate  the  photodetectors  and  subsequent  electronics  and  to  record  the 
optical  output  of  the  modulator  chip  directly  on  fast-moving  film. 

CONCLUSIONS 

The  electrooptlc  A/D  converter  seems  to  offer  several  potential 
improvements  over  present  techniques:  faster  conversion  rate,  fewer 
coaparators,  lower  electrical  power  dissipation  (if  used  with  an  injection 
laser  source),  and  the  opportunity  to  record  the  output  on  photographic  flla. 
Hllltary  application  areas  Include  signal  processing  for  wideband  radar  and 
electronic  warfare  systeas. 
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Fig.  5.  Soheicatlo  diagram  of  an  electronic  parallel  A/D  converter  with 
three  bits  of  precision. 
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Fig.  A. 


Recirculating  loop  flne-graln-analysls  ESM  receiver. 


25-1 


THIN  FILM  INTEGRATED  SIGNAL  PROCESSORS 


G.C.  Rlghlnl,  V.  Russo,  S.  Sottini 
Istltuto  dl  Rlcerca  sulle  Onde  Elettromagnetiche 
5D127  Firenze 
Italy 

r 

SUMMARY 


The  realization  of  miniaturized  optical  analogic  processors  Is  expected  to  allow  much  higher 
performances  than  the  bulk  counterparts.  A two-dimensional  optical  system  is  sufficient  for  processing 
one-dimensional  signals,  as  for  instance  radar  and  communication  signals. 

Many  thin  film  Integrated  configurations  can  be  realized  with  a suitable  assembly  of  Integrated 
lenses,  modulators  and  detectors.  This  paper  is  concerned  with  the  appllcc’billty  of  geodesic  thin  film 
lenses  to  integrated  convolvers  and  correlators.  Two  geodesic  systems  have  been  considered.  The  first  one, 
constituted  by  a perfect  geodesic  lens  having  planar  input  and  output  and  F/nunber  'v  1.3,  seems  to  be 
particularly  suitable  to  separate,  with  a good  resolution,  the  beams  diffracted  by  a modulator.  Two  beams 
making  an  angle  of  0.7  degrees  have  been  resolved  by  a lens  of  9 mm  focal  length  and  7 mm  aperture.  The 
second  geodesic  system  is  consituted  by  a hemispherical  surface  and  it  is  the  analog  of  the  bulk  double 
diffraction  processor.  The  aberrations  of  this  system  have  been  studied  and  nimerical  examples  have  been 
carried  out  to  verify  its  Fourier  transform  capabilities.  Two  and  three-level  transmission  filters  have 
been  considered  in  the  ntmerlcal  simulation  of  pattern  recognition  operations. 

1 . INTRODUCTIQN 

The  integrated  optical  technique  can  be  applied  to  the  realization  of  miniaturized  optical 
analogic  processors,  as  suggested  by  several  authors  because  the  two-dimensional  processors  should  have 
higher  performances  than  their  bulk  counterparts.  A two-dimensional  optical  system  is  sufficient  for 
processing  one-dimensional  signals,  as  for  instance  radar  and  communication  signals. 

In  theory.  Integrated  optical  data  processors  can  be  achieved  by  extending  to  one-dimensional 
optics  the  working  principles  of  bulk  optical  systems.  In  integrated  optics  many  configurations  can  be 
realized  with  a suitable  assanbling  of  integrated  lenses,  modulators  and  detectors.  Such  elementary 
components  are  among  the  most  studied  in  the  last  few  years  and  a variety  of  prototypes  have  been  tested, 
showing  high  performances  and  interesting  properties. 

This  paper  is  concerned  with  a particular  type  of  thin  film  lenses,  the  geodesic  lenses,  and 
their  applicability  to  integrand  signal  processors. 

2.  GEODESIC  LENSES  AND  APPLICATIONS 

A lens  which  has  to  be  used  in  a processor  must  present  higher  performances  than  in  conventional 
uses:  the  tolerated  aberrations  must  be  very  small  over  a large  field  angle.  Lenses  produced  as  a variation 
of  the  effective  refractive  index  of  the  film  (SHUBERT,  R.  et  al.,  1960i  ULRICH,  R,  et  al.,  1971)  suffer 
from  non-negliglble  spherical  aberrations,  and  mode  conversion  occurs  at  the  boundary  of  the  lens.  In 
addition  they  have  small  focusing  power. 

A different  method  can  be  used  to  produce  high-quality  thin  film  lenses  by  taking  advantage  of 
the  two-dimensional  geometry  of  a waveguide.  The  third  dimension  is  used  for  obtaining  the  path-length 
differences  required  for  a perfect  focusing.  These  lenses  are  the  so-called  geodesic  lenses  which  were 
studied  many  years  ago  for  application  in  microwave  scanning  antennas  and  which  we  Introduced  In  two- 
-dimensional  optica  (RIGHINI,  G.C.  et  al.,  1972  and  1973).  The  working  principle  of  the  geodesic  lenses 
la  that  the  propagation  occurs  along  a curved  surface  in  a two-dimensional  Riemann  space.  The  simplest 
geodesic  lens  consists  of  a quarter  of  a spherical  surface  {Fig.lli  it  is  a perfect  lens  but  it  cannot  be 
easily  Inserted  in  a planar  circuit.  On  the  other  hand  every  portion  of  spherical  surface  focuses  with 
strong  spherical  aberration,  as  it  was  founded  in  acoustics  by  Van  Duzer  (VAN  DUZER,  T.,  1970).  By 
combining  a spherical  depression  lens  with  a mode  index  lens  it  is  possible  to  considerably  reduce 
aberrations  (5PILLER,  E.  et  al..  1974),  These  lenses  however  have  F/number  of  the  order  of  3.5  and  mode 
conversion  can  occur. 

Let  us  now  consider  perfect  geodesic  lenses  with  planar  input  and  output,  which  have  large  focal 
power  (F/number  'v  1)  and  no  discontinuity  in  the  mode  index.  A family  of  these  lenses  was  described 
(TORALOO  01  FRANCIA,  G.,  1955  and  1957)  as  a result  of  a general  theorem  on  rotation  surfaces.  These 
lenses  are  perfect  rollimatlng  systems  on  almost  the  entire  aperture  and  they  have  the  same  properties  as 
the  well  known  variable-index  Luneburg  lens  without  any  discontinuity  on  the  tangent  plane.  The  meridional 


i 


25-: 


curve  of  a lens  of  this  family  is  shown  in  Fig. 2,  together  with  its  mathef.iatlcal  expression.  The  radius  b 
gives  the  maximum  aperture  of  the  lens.  In  other  words  (Fig.  3)  the  geodesics  that  do  not  cross  the  parallel 
with  radius  b are  not  collimated.  By  choosing  different  values  of  b/a  it  is  possible  to  obtain  lenses  with 
different  apertures.  In  practice  it  Is  necessary  to  find  a compromise  between  the  convenience  of  choosing 
b very  near  to  a,  in  order  to  increase  the  aperture,  and  the  necessity  of  a smooth  juncture  between  the 

lens  and  the  plane  surface.  A typical  value  of  sin  y • b/a  could  be  0.6.  This  lens  was  designed  to  focus  a 

set  of  plane  waves  into  a corresponding  set  of  points  lying  on  the  fundamental  parallel  A.  The  focus  size 
is  given  only  by  the  diffraction  of  the  limited  plane  wave.  Two  plane  waves  with  angular  separation  ^ focus 
in  two  points  separated  by  an  arc  given  by  the  product  aa»  A geodesic  lens  of  this  type  seems  to  be  very 

useful  to  separate  the  set  of  beams  diffracted  by  a modulator.  Because  the  lens  is  theoretically  perfect 

a very  good  angular  resolution  la  expected  in  practice  as  well. 

Several  geodesic  lenses  have  been  tested  in  our  laboratory  either  as  a protrusion  or  as  a depression 
in  a film  waveguide  (Fig, 4).  Figure  5 refers  to  a geodesic  depression  lens  of  diameter  9 mm,  focal  length 
9 mm  and  sin  y ■ 0.73,  The  useful  linear  aperture  was  7 mm.  An  epoxy  film  doped  with  rhodamlne  0 was 
deposited  on  a glass  substrate  having  the  desired  shape.  Figure  6 shows  a plane  beam  1,5  mm  wide  which  is 
focused  in  a focal  spot  of  size  20  * 30  pi  an  optical  fiber  of  140  p diameter  is  also  shown  for  comparison. 
Figure  7 shows  two  plane  waves  forming  an  angle  of  'v  0.7  degrees  which  are  focused  in  two  separate  points. 

As  an  example,  in  the  case  of  an  acousto-optic  modulator  (YAG-lithlum  nlobate)  such  an  angle  between  the 
two  diffracted  beams  can  be  obtained  with  a carrier  frequency  of  only  65  MHz  (X  'v  55p)  . 

Such  a geodesic  lens  can  be  used  in  an  integrated  convolver  of  the  type  sketched  in  Figure  6 
(DAS,  P.  et  al.,  1976).  This  device  can  find  application  in  optical  digital  communications  or  for  radar 
signal  processing.  In  both  the  cases  one  must  detect  highly  correlated  signals  (such  as  Barker  codes)  used 
for  instance  as  synchronization  patterns,  as  code  words  or  as  pulses  In  radar  technique.  The  geodesic  lens 
could  also  be  used  in  devices  like  the  thin  film  spectrum  analyzer  already  suggested  (HAMILTON,  M.C.  et  al.. 
1976)  for  microwave  signals. 

The  geodesic  lenses  have  the  advantage  that  they  can  be  prepared  in  advance,  on  the  same  substrate 
of  the  remainder  of  the  integrated  circuit.  The  accuracy  is  that  of  the  glass  optics  technique.  Then,  the 
guiding  film  can  be  fabricated  with  the  greatest  variety  of  techniques,  without  masking  problems. 

3.  HEMISPHERICAL  GEODESIC  CORRELATOR 

Concerning  the  ability  of  the  above  geodesic  lens  to  perform  Fourier  transformations,  it  is  to  be 
noted  that  the  focal  points  corresponding  to  different  spatial  frequencies  (Fig. 9)  present  a phase  distribution 
different  from  that  theoretically  expected.  In  addition,  because  of  the  circular  symmetry,  the  Fourier 
transform  locus  is  a circle  which  lies  on  the  light*guiding  plane.  Such  a characteristic  makes  it  very 
difficult  to  assemble  two  lenses  in  order  to  constitute  a thin  film  correlator  analogous  to  a bulk  double- 
-diffraction  system. 


However,  among  geodesic  lenses,  the  simplest  one,  which  Is  the  hemispherical  surface  (RIGHINI, 

G.C.  et  al.,  1972),  shows  the  interesting  characteristic  of  imaging  without  aberrations  as  sketched  in 
Fig. 10,  and  Its  symmetry  properties  allow  us  to  expect  a suitable  Fourier  transform  locus.  Such  an  imaging 
system  (Fig. 11, a)  can  be  compared  with  the  bulk  imaging  system  of  Fig. 11. b.  In  bulk  optics,  forming  an 
image  of  the  object  Is  a sufficient  condition  for  producing  the  Fourier  transform  on  a plane  (VANDER  LUGT, 

A.,  1974),  We  investigated  if  an  analogous  property  is  valid  also  in  the  case  of  an  unusual  imaging  system 
such  as  the  hemispherical  surface.  For  symmetry  reasons,  in  agreement  with  the  focusing  property  of  a quarter 
of  spherical  surface,  the  Fourier  transform  locus  under  investigation  most  be  the  great  circle  that  divides 
the  surface  into  two  parts  (Fig, 11. a). 

To  verify  this  assumption,  one  can  evaluate  the  lack  of  parallelism  on  the  FT  line  of  the  beams 
diffracted  by  point  sources  on  the  input  line.  The  lack  of  parallelism  or  angular  aberration  6 of  the  beam 
from  with  aperture  a and  field  angle  Q defined  In  Fig.  11. a turns  out  to  be 

(1)  6 - - 5 n 


Analogously  the  wave  aberration  turns  out  to  be 
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It  correaponds  to  the  coma  In  bulk  optics,  while  no  axial  aberration  exists.  The  aberrations  have  been  also 
numerically  evaluated  (Fig. 12).  As  an  example.  If  we  consider,  according  to  Rayleigh,  a maximim  wave 
aberration  of  1/4,  we  con  use  an  aperture  of  10°  and  a field  angle  of  9°,  wnlle  the  lack  of  parallelism 
turns  out  to  be  less  than  0,1°.  It  Is  to  be  noted,  however,  that  the  aberrations  are  completely  corrected 
by  the  second  part  of  the  correlator  because  the  semispherical  surface  constitutes  a perfect  imaging  system. 


I 


r 

I 


I 


I 


25-1 


A model  of  the  geodesic  correlator  has  been  constructed.  In  order  to  easily  feed  the 
hemispherical  correlator  with  a parallel  beam.  It  has  been  superposed  on  a cylinder  which  Is  connected 
to  a planar  guide  by  means  of  a suitable  toroidal  Junction.  Figure  13  shows  a sKetch  of  the  model 
constituted  by  a hemisphere  with  radius  20  mm  superposed  on  a cylinder  20  irm  high.  The  glass  substrate  was 
shaped,  polished  and  than  coated  with  a thin  film  of  doped  epoxy  (Araldlt  MY  757).  We  have  not  yet  carried 
out  any  experiment  of  optical  processing  with  this  correlator.  However,  numerical  evaluations  have  been 
made  In  order  to  clarify  the  effects  of  wave-aberration  on  the  complex  amplitude  of  the  Fourier  transforms 
and  on  the  auto-  or  cross-correlations  of  binary  signals. 

Let  us  consider  the  pulse  train  shown  In  Fig. 14,  constituted  by  N rectangular  pulses.  The  Fourier 
transform  F(u)  actually  performed  by  the  first  lens  (one  half  of  hemispherical  surface)  must  be  evaluated 
by  taKlng  Into  account  the  wave-aberration  W: 


(3) 
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where  Wlx’.u)  la  obtained  from  eq.(2)  with  the  formulas  of  spherical  trigonometry.  Let  us  assume  that 
the  radius  R of  the  hemispherical  correlator  equals  10  tm  and  that  the  Input  signal  has  a 2.5  mm  maxlmun 
width.  Such  a value,  which  seems  to  be  suitable  for  Integrated  optical  circuits.  Is  related  to  the  choice 
of  the  field  angle  equal  to  9°.  Figure  15. a shows  the  normalized  amplitude  of  the  aberrated  FT  of  5 pulses, 
0.2  mm  wide,  with  period  b ■ 0.55  mm,  plotted  versus  the  x coordinate  along  the  FT  line.  The  Imaginary 
part  turned  out  to  be  zero  as  in  the  unaberrated  case  due  to  signal  s/smetry  reasons.  The  amplitude 
differences  with  respect  to  the  exact  FT  are  shown  In  Fig. 15. b and  remain  very  small  (s-S  10"^)  up  to 
|x|  £ 1.4mm, that  is  up  to  spatial  frequencies  of  'v.880  lines/mm.  This  limit  is  higher  than  the]  x|  value 
of  0.88  mm  corresponding  to  a maximum  wave-aberration  X/4. 

To  obtain  the  autocorrelation  pattern  on  the  output  line  of  the  correlator,  the  aberrated  FT 
must  be  multiplied  by  the  matched  filter  transmission  (equal  to  the  complex  conjugate  of  the  signal  spectrum) 
and  then  again  Fourier-transformed.  Oue  to  the  previous  results  the  FT  performed  by  the  second  lens  has 
been  calculated  neglecting  the  aberration.  This  FT  has  been  evaluated  by  means  of  the  Fast  Fourier  Transform 
algorithm  on  an  Eclipse  S 200  computer.  The  autocorrelation  Intensity  pattern  for  the  train  of  5 pulses 
plotted  versus  the  coordinate  x”  of  the  output  line  and  stopped  at  x"  • 2 mm,  is  shown  In  Fig.  15. c. 

The  practical  realization  of  the  filter  having  an  amplitude  transmission  equal  to  F*(u)  constitutes 
a difficult  problem)  it  is  much  more  convenient  to  looK  for  approximated  filters  with  only  tvjo  or  three 
transmission  levels.  Figure  16  shows  the  autocorrelation  of  the  5-pulse-train  obtained  in  the  case  of  binary 
filters:  obviously  the  performance  of  the  filter  is  affected  by  the  choice  of  the  cutoff  level  corresponding 
to  zero  transmission.  Three  cutoff  levels  are  considered,  equal  respectively  to  5%,  lOt  and  20t  of  the 
central  peaK  amplitude  A(o)  of  the  matched  filter  F*(u).  By  increasing  the  cutoff  level  one  simplifies  the 
filter  fabrication  at  the  expense  of  an  Increase  of  the  lateral  lobes  of  the  autocorrelation.  A good 
compromise  is  a cutoff  level  equal  to  IQti  In  this  case  we  have  almost  the  same  intensity  ratio  between 
the  central  peak  and  the  next  two  triangles  as  in  the  case  of  the  continuous  matched  filter.  Fig. 17  shows 
the  binary  filter  corresponding  to  this  choice  (bottom  right)  and  the  related  autocorrelation  pattern  (top 
right).  The  filter  Is  compared  with  a three  level  filter  (-1,0, *1)  (bottom  left).  For  the  three  level  filter 
a phase  control  In  the  fabrication  Is  required.  On  the  other  hand  the  autocorrelation  pattern  (top  left) 
obtained  In  this  case  shows  a higher  ratio  between  the  central  peak  and  the  next  lobes  than  In  the  previous 
case,  even  If  a higher  cutoff  amplitude  (15%  of  A(o))  has  been  chosen  for  this  case  than  for  the  binary 
filter. 


As  a further  teat,  several  cross  correlation  patterns  have  been  evaluated  using  these  filters. 

Figure  18  shows  two  croascorrelatlon  patterns  of  a 3-pulae  input  with  5 pulses  obtained  by  using  respectively 
the  two  filters  of  Fig. 17. 

4.  CONCLUSIONS 

The  previous  results  seem  to  confirm  the  possibility  of  applying  the  geodesic  correlator  to 
conmunlcatlon  systems.  In  particular,  for  pattern  recognition  applications,  binary  filters  could  often 
be  used  with  acceptable  performances,  thus  simplifying  the  practical  realization  of  the  matched  filters. 

On  the  other  hand,  the  Input  signal  must  usually  be  Introduced  by  means  of  one  Integrated  modulator,  for 
Instance  of  the  acoustooptic  or  electrooptic  type.  The  practical  problems  to  be  solved  do  not  seem,  however, 
more  complicated  In  the  case  of  the  geodesic  correlator  than  In  planar  correlators. 

In  the  communication  or  radar  fields,  several  applications  of  the  geodesic  correlator  could  be 
suggested.  Figure  19  shows,  for  Instance,  the  sketch  of  the  geodesic  analog  of  a time  Integrating  acoustooptic 
correlator  suggested  in  bulk  optics  by  Sprague  and  Koliopoulos  (SPRAGUE,  R.A.  et  al.,  1976).  The 
comparison  with  the  bulk  system  shows  that  even  rather  complex  optical  systems  can  be  realized  with  a 
spherical  surface.  This  kind  of  correlator  could  be  particularly  interesting  for  the  possibility  of  coupling 
it  to  an  optical  flh4r  which  brings  the  Input  signal. 
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In  conclusion,  the  hemispherical  correlator  described  above  can  be  used  as  an  optical  processor 
with  aperture  and  field  angles  suitable  for  application  to  Integrated  optical  circuits.  The  simple  shape 
of  the  substrate  and  the  usual  advantages  of  geodesic  optical  systems  are  further  interesting  characteristics 
of  this  correlator. 
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“1  ^ geodesic  lens,  constituted  by  a quarter  of  a spherical  surface,  focusing  a plane  laser  beam. 
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Fig.  2 Meridional  curve  of  a geodesic  lens  belonging  to  a family  of  perfect  lenses  having  planar 
input  and  output. 


e Plane 


Aperture  (degrees) 


Numerical  evaluation  of  the  angular  aberration  S and  the  wave  aberration  W versus  I)  and  a. 


SKctch  of  the  model  of  the  geodesic  correlator  constituted  by  a hemisphere  with  radius  20  mm 
superposed  on  a cylinder  20  mm  high. 


Pulse  train  constituted  by  5 rectangular  pulses.  2a  is  the  width  of  the  pulse  and  b the  period. 


FN  = 5 


IN  = 5 


(a)  Normalized  amplitude  of  the  aberrated  FT  of  5 pulses  with  a ■ 0.2  mm  and  b ■ 0.55  mm, 
plotted  versus  the  x coordinate  along  the  FT  llnei  (b)  Amplitude  differences  with  respect  to  the 
exact  FT.  They  remain  less  than  'x-3  10*^  up  to  lx|  ^ 1-4  mm,  that  is  up  to  spatial  frequencies 
of  'V00O  lines/mm  t (c)  Autocorrelation  intensity  for  the  train  of  5 pulses  plotted  versus  the 
coordinate  x"  of  the  output  line  and  stopped  at  x"  ■ 2 mm. 
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Fig. 16  Autocorrelation  of  the  5-pulse-traIn  obtained  by  using  binary  filters.  Three  cutoff  levels  are 

considered,  equal  respectively  to  5%,  ^0\  and  20%  of  the  central  peak  amplitude  A(o)  of  the 
matched  filter  F*tu). 


Fig. 17  Comparison  between  the  performances  of  binary  (bottom  rlghti10%  cutoff  level)  and  three-level 
(bottom  lefti  15%  cutoff  level)  filters.  The  corresponding  autocorrelation  pattern  for  5-pulse 
-trains  are  shown  top  right  and  top  left  respectively. 
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GIGA-HERTZ  MODULATORS  USING  BULK  ACOUSTO  OPTIC  INTERACTIONS  IN  THIN  FILM  WAVEGUIDES 
G.  B.  Brandt,  M.  Gottlieb,  R.  W.  Welnert 

Dr.  R.  De  La  Rue:  What  Is  the  number  of  resolved  spots  that  your  deflector  device  can 
achieve,  compatible  with  reasonable  insertion  loss  (optical)?  The  supplementary 
should  have  been:  What  is  the  actual  optical  insertion  loss  of  the  device? 

Dr.  Brandt:  We  have  not  measured  the  Insertion  loss  of  these  deflectors  but  since  we 
are  using  prism  coupling  it  is  likely  to  be  high.  The  number  of  resolvable 
elements  is  equal  to  the  number  of  fingers  on  the  transducer  electrode.  With 
conventional  photomasking  techniques  100  or  200  elements  should  not  be  difficult 
to  fabricate;  much  beyond  200  elements,  the  transducer  size  would  tend  to  become 
too  large  to  qualify  as  a miniaturized  integrated  optic  device. 


LASER-FIBER  COUPLING  WITH  OPTICAL  TRANSITION  STRUCTURES 
G.  Mitchell,  W.  D.  Scott 

Dr.  John  Dakin:  Did  you  observe  spatial  oscillations  in  coupling  efficiency  as  the 
relative  position  of  the  laser  and  the  light  guide  were  changed?  Other  workers 
have  reported  considerable  oscillations  of  this  type. 

Dr.  Mitchell:  The  process  of  adjustment  to  optimize  coupling  involved  moving  the 
transition  structures  with  respect  to  the  laser,  however,  we  did  not  observe 
output  fluctuations  that  could  be  considered  to  result  from  interference  between 
the  laser  and  transition  ends. 


AN  INTEGRATED  OPTICAL  ANALOG-TO-DIGITAL  CONVERTER 
D.  Lewis,  H.  F.  Taylor 

Dr.  R.  M.  De  La  Rue:  Laser  was  presumably  YAG  laser  at  1.06  ym  wavelength?  (after 
discussion)  Can  GaAs  type  lasers  achieve  required  power  and  pulsewidth?  What 
value  of  optical  insertion  and  output  coupling  losses  assumed  in  the  power 
calculation? 

Dr.  Lewis:  It  appears  that  there  are  three  questions  here:  (1)  Was  a NdYAG  laser 

used,  (2)  Could  a GaAs  laser  achieve  the  required  powers  and  pulse  widths,  (3)  What 
value  of  optical  insertion  and  coupling  losses  were  assumed  in  the  power  calculation? 

With  regards  to  the  first  question,  a helium  neon  laser  is  being  used  with  the 
proto-type  circuits  until  the  modulators,  photodetectors,  and  comparators  are 
characterized  and  working  together  properly. 

As  regards  to  the  second  question,  either  NdYAG  or  GaAs  lasers  could  be  used 
depending  on  the  pulse  widths  required.  Hill  has  demonstrated  a laser/fiber 
optic  system  that  may  be  capable  of  providng  5 ps  pulses,  the  laser  used  in  this 
system  was  Nd  TAG  as  I recall.  GaAs  lasers  with  subnanosecond  pulse  widths  have 
been  prepared  and  reported  on.  We  anticipate  the  successful  development  of  the 
A/D  converter  will  require  the  development  of  a suitable  picosecond  laser  source. 

Finally,  as  regards  the  third  question,  it  is  not  necessary  to  assume  values  for 
insertion  and  coupling  losses.  We  have  instead  assumed  what  we  believe  to  be 
reasonable  powers  to  drive  each  of  the  components  in  the  circuit. 
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Sununary  of  Session  III 
INTEGRATED  OPTICS 
by 

Dr.  T.  G.  Horwath 


The  third  session  of  this  conference,  on  the  subject  of  Integrated  Optics  was  primarily 
devoted  to  single-mode  technology.  It  consisted  of  presentations  covering  a broad 
spectrum  of  devices,  such  as  sources,  modulators,  connectors  and  couplers,  as  well  as 
two  intriguing  approaches  to  the  realization  of  special  signal  processing  functions. 

The  paper  presented  by  Dr.  T.  G.  Giallorenzi,  "Compatibility  of  Integrated  Optics  and 
Single  Hode  Fiber  Optics,"  discussed  the  status  of  interface  components  for  integrated 
optical  dat£.  communication  systems.  Couplers  and  connectors  were  identified  as  the 
most  critical  components  from  the  standpoint  of  systems  implementation. 

Mr.  Papuchon's  paper,  "Electro-Optical  Active  Components  for  Guided  Light,"  presented 
the  results  obtained  with  electro-optical  components  based  on  Titanium  diffused  Lithium 
Niobate  technology.  Devices  such  as  phase  modulators,  amplitude  modulators  and  switches 
were  presented,  together  with  the  results  of  experiments  conducted  to  establish  their 
characteristics . 

"Giga-Hertz  Modulators  Using  Bulk  Acousto-Optic  Interactions  in  Thin  Film  Waveguides," 
was  the  title  of  the  paper  presented  by  Dr.  G.  B.  Brandt.  Interactions  of  light  in 
optical  waveguides  with  longitudinal  waves  and  shear  waves  were  discussed,  leading  to 
frequency  shifts  or  deflection  of  the  light  wave  respectively.  Modulators  with  1.5  GHz 
bandwidth  have  been  realized,  and  30  GHz  appears  feasible  as  the  theoretical  limit. 

A novel  injection  laser  of  great  potential  was  reviewed  by  Prof.  Shyh  Wang  with  his 
paper  "Distributed-Bragg-Ref lector  Injection  Lasers  for  Integrated  Optics."  This  laser 
uses  waveguides  of  periodically  changing  thickness  as  frequency  selective  reflectors. 

Prof.  Wang  first  reviewed  the  wave  propagation  in  such  waveguides,  presented  the 
dispersion  relation  for  the  Eigen  Bloch  wave  and  then  derived  transmission  and  reflection 
coefficients.  He  then  consnented  on  optimization  realization  and  operation  of  such  a 
laser.  Finally,  he  suggested  possible  schemes  for  integration  with  other  optical 
components,  stabilization,  fine  tuning  and  most  of  all  an  imaginative  way  of  direct 
coupling  into  single  mode  optical  fibers.  This  paper  was,  in  my  opinion  one  of  the 
highlights  of  the  session. 

"Multimode  Optical  Systems  — Power  Coupling  Between  Waveguides,"  presented  by  Dr.  M.  G.  F. 
Wilson  was  unique  in  the  session,  as  the  title  might  suggest.  Dr.  Wilson  applied  ray 
theory  in  order  to  derive  power  flow  and  mode  conversion  as  a function  of  the  geometry 
of  waveguide  junctions.  In  addition,  he  presented  experimental  results  obtained  with 
waveguide  junctions  produced  by  ion-exchange  techniques. 

The  problems  of  coupling  integrated  optical  components  and  injection  laser  sources  to 
single  mode  fibers  were  again  raised  in  Dr.  G.  L.  Mitchell's  paper  "Laser-Fiber 
Coupling  with  Optical  Transition  Structures."  A transition  section  from  rectangular  to 
circular  cross  section  was  suggested,  similar  to  those  well  known  from  microwave 
technology.  Fabrication  techniques,  material  selection  as  well  as  optimization  of 
coupling  efficiency  and  index  of  refraction  were  discussed  by  Dr.  Mitchell. 

Dr.  Lewis  in  his  paper  "An  Integrated  Optical  Analog-to-Dlgital  Converter"  suggested 
an  innovative  use  of  an  array  of  phase  modulators,  connected  in  parallel,  to  convert  the 
common  analog  electrical  drive  signal  into  a digital  optical  output.  The  phase  modulators 
used  closely  resemble  the  ones  discussed  by  Mr.  Papuchon  earlier  in  this  session.  The 
analog  to  digital  converter  has  the  potential  of  8-bit  quantization  at  a speed  of  one 
mega-word  per  second. 

"Integrated  Signal  Processing"  was  the  title  of  the  last  paper  given  by  Dr.  Vera  Russo- 
Checcacci.  Application  of  the  transform  properties  of  lenses  to  integrated  thin  film 
optics  has  been  suggested  in  the  past.  Dr.  Russo-Checcacci ' s contribution,  however,  is 
the  use  of  geodesic  lenses,  taking  advantage  of  their  symmetry  properties  and  the 
asbsence  of  aberrations.  A model  of  a semispherlcal  correlator  was  discussed  in 
conclusion. 

In  my  opinion,  the  session  was  somewhat  deficient  in  two  ways.  First,  It  did  not 
contain  a presentation  on  integrated  detectors  that  are  efficiently  matched  to  the 
thin  fiber  waveguides.  Second,  there  was  no  attempt  of  Integration  beyond  the  component 
level,  such  as  complicated  logic  functions.  It  appears,  therefore,  that  a lot  remains 
to  be  done  to  advance  this  technology  to  the  degree  of  maturity  necessary  for  wider 
application. 
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HOW  DOES  ONE  INDUCE  LEAKAGE  IN  AN  OPTICAL  FIBER  LINK? 

C.  Yeh  and  A.  Johnston 
Electrical  Sciences  and  Engineering  Dept. 
University  of  Callfornls 
Los  Angeles,  California  9002A 

SUMMARY 


Three  non-destructive  nethods  to  Induce  the  leakage  of  optical  signal  from  optical  fibers  will  be  dis- 
cussed: (1)  The  Index-mstchlng-fluld  nethod,  (2)  The  teq>erature  method,  (3)  The  bending  method. 
Experiments  were  performed  for  these  cases.  Results  show  that  all  three  methods  are  effective  In  Inducing 
leakage  from  plastic  clad  fibers  while  only  the  bending  method  Is  effective  for  glsss-clad  fibers. 


INTRODUCTION 


It  has  almost  been  taken  for  granted  that,  because  optical  fiber  transmission  line  Is  free  of  RF 
leakage  and  cross-talk  problems.  It  can  be  used  readily  as  a secure  Information  link.  Furthermore,  the 
Intrinsic  crack  propagation  characteristic  of  glass  prevents  cutting  Into  the  glass  core  to  gain  access 
to  the  optical  signal  without  severing  It.  This  talk  Is  an  attei^>t  to  discuss  several  non-destructive 
ways  of  tapping  an  optical  fiber  link.  We  are  Interpreting  the  word  tapping  In  Its  broadest  sense;  l.e,, 
any  scheme  that  would  Induce  the  leakage  of  light  from  the  fiber  Is  Interpreted  as  a viable  means  of  tap- 
ping the  fiber. 

Two  families  of  low-loss  multi-mode  fiber  exist:  (a)  The  plastic-clad  fiber  family,  (b)  The  glase- 
clad  fiber  family  which  Includes  the  graded-lndex  fibers.  The  plastic-clad  fiber  usually  consist  of  a 
glass  core  and  a plastic  shesth  as  Its  clsddlng.  The  cladding  of  a small  section  (say,  5 cm.)  of  a fiber 
link  (say,  longer  than  20  m. ) can  be  easily  stripped  off  without  notlcably  affecting  the  etrenght  of  the 
transmitted  signal.  On  the  other  hand  the  cladding  of  the  glass-clad  fiber  Is  usually  Intimately  bonded 
to  the  glass  core  in  such  a way  that  removing  the  glass  cladding  will  usually  damage  the  core  structure. 
Different  ways  must  therefore  be  devised  to  tap  these  fibers.  Three  non-destructive  methods  may  be  used 
to  induce  the  leakage  of  optical  signal  from  these  fibers:  (1)  The  Index-astchlng-f luld  method,  (2)  The 
temperature  method,  (3)  The  bending  method. 

THE  INDEX-MATCHING-FLUID  METHOD 


The  index-matchlng-fluld  method  is  particularly  suited  for  tapping  plastic  clad  fiber.  After  strip- 
ping off  the  plastic  cladding  the  bare  glass-core  section  Is  laeiersed  In  an  Index-matching  fluid  whose 
Index  of  refraction  may  be  so  chosen  that  only  a small  controlled  amount  of  light  Is  allowed  to  leak  out 
of  Che  core  of  the  multi-mode  fiber. 

According  to  the  theory  of  guided  waves  along  optical  fibers,'  the  number  of  modes  N that  a fiber 
may  carry  can  be  estimated  from  a very  simple  relation: 


N = >1 


(1) 


("i  - "2)  s ^ 
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where  — - k Is  the  free-space  wave  number,  a Is  the  radius  of  the  fiber  core  and  n^  and  n2  are  respec- 
tively the  Indices  of  refraction  for  the  core  and  for  cladding  which  Is  the  Index-matchlng-fluld.  There- 
fore the  number  of  modes  that  can  be  supported  by  the  fiber  guide  Is  directly  proportional  to  the  differ- 
ence of  Che  square  of  Indices  of  refraction.  In  other  words,  when  the  cladding  Index  approaches  the  core 
Index,  the  nusd>er  of  propagating  modes  approaches  a smII  value.  By  finely  adjusting  the  value  for 
(ni  - no),  the  number  of  propagating  modes  may  be  adjusted.  If  the  modes  excitation  condition  is  such 
thsc  all  modes  are  equally  excited,  one  may  derive  an  approximate  expression  for  the  fractional  power  car- 
ried In  the  cladding  region.  It  Is 


power  transsdtted  In  the  cladding  ^ 
total  transisitted  power  3V 


(2) 


with  V 


and 
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By  adjusting  cha  cladding  Index,  (In  the  present  case,  it  Is  the  Index-matchlng-fluld)  one  may  control  the 
amount  of  power  carried  In  the  cladding  region  which  can  then  be  tapped  off  very  easily.  Relations  (1) 
snd  (2)  hsve  been  plotted  in  Fig.  1. 

To  verify  the  above  observation,  measurements  wers  csrrlad  out.  A schematic  diagram  of  the  experi- 
mental setup  Is  shown  In  Fig.  2.  Results  of  our  measuramsnts  are  shown  in  Fig.  1.  This  experlmsnt  shows 
thst  one  nay  Induce  a controlled  amount  of  laakage  for  the  plastic-clad  fiber  link  with  this  method. 

THE  TEMPERATURE  METHOD 

It  Is  well-known  that  the  refraction  Index  of  glass  or  plastic  vsrlcs  as  s function  of  tanperaturs. 
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For  the  glase-clad  fiber,  the  Index  of  the  glaas  core  or  that  of  the  glaaa  cladding  varies  as  a function 
of  teoperature  In  a similar  fashion  such  chat  the  NA  of  Che  fiber  remains  unchanged.^  Hence,  no  leakage 
of  light  occurs  as  the  temperature  changes.  As  far  as  the  plastic  clad  fiber  Is  concerned,  since  the 
Index  of  Che  glass  core  and  that  of  the  plaatlc  cladding  vary  as  a function  of  temperature  In  a dla- 
almllar  manner,  the  NA  of  the  fiber  la  significantly  changed  as  the  Ceaperature  varies.  Hence,  leakage 
of  light  occurs  as  the  temperature  changes. 

To  confirm  the  above  observation,  measurements  were  carried  out.  The  schematic  diagram  of  the 
experimental  setup  Is  similar  to  Chat  shown  In  Fig.  2,  except  the  segment  where  we  placed  the  Index- 
matching  fluid  Is  replaced  by  a dewar  which  provides  a controlled  temperature  envlornmenC  for  a length  of 
fiber.  To  make  the  desired  measurements  It  Is  not  necessary  to  strip  the  cladding  from  the  fiber  as  was 
done  for  Che  previous  method.  Detailed  experimental  data  are  shown  In  Fig.  3 for  Che  plasclc-clad  fiber 
and  for  the  glass-clad  fiber.  As  expected  no  leakage  of  light  Is  detectable  for  the  glass-clad 
fiber  as  the  temperature  changes.  On  Che  other  hand,  very  significant  leakage  of  light  occurs  for  the 
plastic-clad  fiber  when  the  temperature  varies  through  a critical  region.  Apparently  a phase  transition 
for  the  plastic  cladding  occurs  In  this  temperature  range  so  that  the  Index  for  the  plastic  changes 
significantly. 

So  far.  It  appears  chat  glaas-clad  fiber  Is  Immune  to  our  attempts  to  Induce  leakage.  It  will  be 
shown,  however,  that  the  next  attempt  will  be  successful. 

THE  BENDING  METHOD 


By  bending  a fiber,  radiation  or  cladding  modes  may  be  Induced  due  to  the  sharp  curvature  of  the 
fiber.  According  to  a simplified  analysis, ’ the  fraction  of  modes  lost  In  a bent  step-index  type  fiber 
Is  2a/ (R5)  where  a Is  the  core  radius,  6 ■ 1 - (02/0^)^,  and  R Is  the  curvature  radius.  The  curvature 
loss  as  a function  of  Che  curvature  for  the  step-index  fiber  Is  sketched  In  Fig.  4.  It  can  be  seen  that 
very  large  curvature  loss  can  be  Induced. 

Measurements  were  performed  using  Che  basic  experimental  set-up  as  sketched  In  Fig.  2.  The  fiber 
under  examination  was  tightly  wound  tern  times  around  a post  with  predetermined  radius  of  curvature.  By 
ualng  posts  of  different  radius,  we  can  adjust  the  bending  radius  of  the  fiber.  Results  of  our  measure- 
ments are  shown  In  Fig.  5.  It  can  be  seen  that,  as  expected,  leakage  from  Che  fiber  line  Is  very  signif- 
icant when  the  radius  of  curvature  reaches  a certain  critical  value.  One  notes  that  the  bending  method 
to  Induce  leakage  Is  equally  effective  when  applied  to  the  glass-clad  fiber  as  to  the  plastic-clad  fiber. 

CONCLUSIONS 


The  fact  that  the  above  methods  provide  "non-destructive"  and  "recoverable"  vays  of  Inducing  leak- 
age In  an  optical  fiber  Is  worth  noting.  We  have  also  shown  experimentally  that  when  the  dlstrubances 
caused  by  the  above  schemes  were  removed,  the  transmission  characteristics  of  the  fiber  link  returned  to 
normal.  The  security  lsq>llcatlon  of  the  above  experiments  Is  clear.  It  appears  that  the  only  way  to 
Insure  that  no  leakage  of  Information  ?iad  occured  Is  to  monitor  continuously  the  power  level  of  the 
received  signal.  Techniques  to  achieve  this  will  not  be  discussed  here. 
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Nous  donnons  dans  cette  conmunication  un  principe  d'obtention  du  module  de  la  function 
de  transfert  des  fibres  optiques.  II  consists  A utiliser  deux  transformees  de  Fourier  d'un  train 
d' impulsions  lumineuses  recurrentes.  Ensuite,  nous  nous  attachons  A expliquer  I'appareillage 
ainsi  que  les  rAsultats  que  nous  obtenons  sur  diff€rents  types  de  fibres  (saut  d'indicc,  gra- 
dient d' indice,  A ouverture  numArique  diffArente). 


Et  en  conclusion,  nous  abordons  les  possibilitis  da  liaison  par  fibres  optiques  selon 
les  divers  dibits  numiriques. 


I.  - INTRODUC.ION 

La  dispersion  dans  les  fibres  optiques  a Itl  Itudila  par  de  nombreux  auteurs.  Les  tech- 
niques les  plus  anciennes  consistent  A injector  une  impulsion  lumineuse  de  trAs  courtc  duree  dans 
la  fibre  et  A mesurer  1 ' llargissement  A mi-hauteur  de  cette  impulsion  aprAs  propagation  (ref,  I). 
Si  cette  mesure  est  relativenent  simple  avec  des  fibres  A forte  dispersion,  elle  devient  plus 
dllicate  avec  des  fibres  dont  les  propriAtls  de  propagation  sont  nettement  meilleures  (gradient 
d' indice  quasi  parabolique  par  example)  ; dans  ce  cas,  un  difficile  calcul  de  deconvolution  est 
alors  nlcessaire.  Meme  si  cette  technique  est  utilisle,  elle  conduit  A une  valeur  caracteristi- 
que  de  la  propagation,  peu  familiAre  aux  concepteurs  de  systAsias,  plus  habituAs  A travailler 
dans  le  domaine  frequentiel.  Depuis  quelques  annles,  la  mesure  de  la  fonction  de  transfert  des 
fibres  a,  peu  A peu,  renplacl  celle  de  la  rAponse  impuls ionnelle  (ref.  2).  Plusieurs  techniques 
permettent  d'arriver  A ces  rAsultats  (calcul,  wobulation  etc...),  nous  dAcrirons  ici  la  mAthode 
utilisant  la  transformAe  de  Fourier  d'un  train  d' impulsions  lumineuses  rAcurrentes,  mAthode  qui 
jusqu'A  prAsent  a donnA  lea  meilleurs  rAsultats. 


II.  - PRINCIPE  ET  APPAREILLAGE 

II. 1.  - Principe  (Fig.  I) 

Si  on  prend  la  transformAe  de  Fourier  d'un  train  d' impulsions  recurrentes,  on  obtient, 
dans  le  plan  des  frAquences,  un  spectre  de  raies  espacAes  de  la  frAquence  de  rAcurrence  du  train 
Amis  et  dont  I'enveloppe  est  la  transformAe  de  Fourier  de  I'impulsion  unitaire. 

Si  on  effectue  cette  mesure  avec  un  train  d' impulsions  lumineuses  avant  et  aprAs  pas- 
sage dans  une  fibre  optique,  on  obtient  deux  spectres  de  raies,  dont  le  rapport  (ou  la  diffA- 
rence  en  Achelle  logarithm! que)  est  le  module  de  la  fonction  de  transfert  de  la  fibre. 


II. 2.  - Appareillage 

II  se  compose  de  deux  sous-ensembles  Amission  et  rAception  qui  peuvent  Stre  Aventuelle- 
ment  dans  des  lieux  gAographiques  diffArents  pour  das  mesures  sur  des  cSbles  installAs  par  exam- 
ple. 


11.2.1.  - Emiss^n 

De  nombreuses  sources  optiques  peuvent  convenir  pour  effectuer  ces  mesures  ; 
nous  n'avons  retenu  que  celles  susceptibles  d'etre  utilisAes  dans  un  systAme  de  transmis- 
sion par  fibres,  c'est-A-dire  les  Ametteurs  semi-conducteurs  A base  d'ArsAniure  de  Galium 
dont  la  longueur  d'onde  d'Amission  est  de  8300  A* 

Dans  cette  catAgorie,  nous  avons  le  choix  cntrc  la  diode  Alectroluminescente, 
la  diode  laser  A large  contact  et  la  diode  laser  A contact  Atroit.  La  diode  Alectrolumi- 
nescente, du  fait  de  son  diagrame  de  rnyonnement  ne  prAsente  guAre  d'intArAt  pour  I'ap- 
pareillage et  de  ce  fait,  nous  n'utilisons  que  les  diodes  A effet  Laser  : le  laser  A large 
contact  utilisA  est  le  LBA  185  du  STL  dont  la  largeur  du  spectre  d'Amission  est  d'environ 
50  A*,  le  laser  continu  provient  Agalement  du  STL  et  possAdc  une  largeur  apecttale  de  4A*. 
Ces  diodes  sont  excitAes  par  un  gAnArateur  d' impulsions  rAglables  en  frAquence,  en  largeur 
et  en  niveau.  Les  iaipulsions  lumineuses  gAnArAes  peuvent  Stre  aussi  courtes  qu'une  nano- 
scconde  et  pour  le  LBA  185  avoir  une  puissance  lumineuse  de  quelques^ watts  crSte. 

11. 2. 2,  - La_rAc^tion 

La  rAception  est  composAe  d'un  photorAcepteur  et  d'organes  de  mesures  et  de 
traitement. 

Le  rAcepteur  ett  une  photodiode  A avalanche,  de  type  pnPN  (<  I GHz)  ou  une  diode 
PIN-RTC  > I GHz.  Pour  mesurer  la  courbe  affaiblissement/frAquence  d'une  fibre,  il  faut 
Amettra  de  I'Anergie  dans  les  frAquences  oO  I'on  veut  montrer  que  la  fibre  va  les  attAnuer 
il  faut  done  Aviter  de  choisir  une  diode  qui  coupe  avant  la  fibre,  Le  choix  du  photodAtec- 
teur  doit  done  se  faire  en  fonction  du  morceau  de  fibre  A mesurer. 
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Le  ditecteur  chargd  sur  SO  Ohms  est  directement  connecCd  d un  anslyseur  de  spec- 
tre, lui-mSme  relid  i un  calculsteur  qui  enregistre  le  spectre  de  raies  et  traite  les  rd- 
sultats. 

L'utilisation  des  diodes  d avalanche  ndeessite  certaines  prdcautions,  pansi  les- 
quellea  nous  noterons  : 

- avoir  de  bonnes  cassures  des  extrdmltds  des  fibres 

- poaitionner  parfaitement  la  sortie  de  la  fibre  devanc  la  diode,  af in  d'dviter 
tout  filtrage  spatial  qui  fausserait  lea  rdsultats, 

- travailler  d puissance  optique  incidence  constante,  pour  dviter  les  non- 
1 indar itds. 

- ajuster  la  tension  d' alimentation  afin  d'dviter  les  phdnomdnes  de  saturation. 

Aprds  avoir  rappeld  les  principes  et  I'appareillage  utilisd,  nous  allons  discuter 
1' influence  des  conditions  d' injection  de  la  lumidre  dans  les  fibres,  sur  le  rdsulcat  obte- 
nu. 


III.  - INFLUENCE  DES  CONDITIONS  D' IMJECTION 

La  figure  n*2  sx>ntre  1' influence  des  conditions  d*  injection  sur  la  fonction  de  transfert  ; 
enCre  un  pinceau  trds  faiblement  divergent,  un  faisceau  divergent  et  une  autre  fibre  prise  cosine  sour- 
ce, on  obtient  pour  certaines  fibres  des  rdsultats  trds  diffdrents.  Pour  pouvoir  comparer  lea  diffd- 
rentes  fibres  enCre  elles,  il  faut  assurer  des  conditions  d' injection  absolument  rdpdtitives. 

D'autre  part,  dans  un  systdme  de  transmissions  longue  distance,  I'ensosble  du  cSble  optique 
sera  constitud  par  n tronqons  de  cdble  conneecds  bout  3 bout.  Dans  ces  conditions,  seule  la  moitid  des 
fibres  constituent  le  premier  tronqon  et  la  moitid  des  fibres  constituant  le  dernier  Cronfon  seronC 
excitdes  par  un  dmetteur  optodlectronique,  toutes  les  autres  le  seront  par  une  autre  fibre  du  tronqon 
prdeddent. 

Dans  ces  conditions,  pour  assurer  des  injections  rdpdtitives  et  faire  des  mesures  proches 
de  I'application  systdme,  nous  sommes  amends  3 mesurer  toutes  nos  fibres  3 partir  d'une  "fibre  d' in- 
jection". 

Cette  faqon  de  proedder  permet  des  mesures  ne  ndeessitant  pas  la  destruction  du  c2ble,  la 
fibre  d' injection  servant  alors  de  rdfdrence. 

Cette  fibre  d' injection  a des  caraetdristiques  voisines  de  celles  de  la  fibre  3 mesurer 
(diamdtre  intdrieur  et  extdrieur,  ouverture  numdrique),  sa  longueur  est  de  quelques  mdtres  et  I'on 
y erdde  un  fort  couplage  de  modes  par  microcourbures . 

De  nombreux  rdsultats  ont  ddj3  dtd  publics  sur  les  fibres  3 saut  d' indice  (ref.  3 et  4)  ; 
dans  la  suite  nous  reprendrons  quelques  uns  des  plus  importants  et  nous  ddvelopperons  ceux  obtenus 
plus  rdeemment  sur  les  fibres  3 gradient  d' indice. 


IV.  - RESULTATS  TdR  LES  FIBRES  A SAUT  D' INDICE 

Dans  ce  chapitre,  nous  donnerons  des  rdsultats  obtenus  sur  des  fibres  3 saut  d' indice 
susceptiblesd'Stre  utilisdes  dans  des  systdmes  de  tdldcomnmnications  3 longue  distance  ; Ceci  suppose 
une  attdnuation  trds  basse  ( AdB/km)  done  un  matdriau  trds  pur  (silice  - silice  dopde) . Dans  ces 
conditions,  I'ouverture  numdrique  des  fibres  est  gdndralement  comprise  entre  0,10  et  0,25.  II  est 
bien  dvident  que  pour  d'autre  type  de  fibre  3 ouverture  numdrique  nettement  plus  grande,  le  principe 
des  mesurs reste  toujours  valable.  (fibre  Schott  en  verre) . 

IV . 1 . - Allure  et  expression  mathdmatique  de  la  fonction  de  transfert 

La  figure  3 donne  la  courbe  de  rdponse  d'une  fibre  de  un  kilomdtre  et  d'ouverture  numdrique 
0,146.  On  peut  caraetdriser  cette  courbe  par  une  ou  plusieurs  valeurs  caraetdristiques,  telles  que 
frdquence  3 -3dB  ou  -6dB. 

Pour  ddterminer  la  fonction  temporelle  dont  cette  courbe  est  la  transformde  de  Fourier,  nous 
aurons  repris  las  rdsultats  thdoriques  expriaies  dans  la  ref.  5. 

La  figure  4 qui  prdaente  la  transformde  de  Fourier  de  la  fonction 

(f(t)  - i (B-  y ) pour  t ^ 2B 

(fit)  - 0 t ^ 2C 

at  la  figure  5 qui  prdaante  la  comparaiaon  d'une  de  nos  courbes  expdrimentales  3 la  courbe  thdorique 
f(t)  pour  S ■ 6ns  montrent  que  la  coincidence  eat  trds  bonne.  Les  considdrations  thdoriques  (en 
particulier  l'utilisation  de  I'optique  gdomdtrique)  prdsentdes  ref.  5 se  trouvent  ainsi  pleinement 
validdes  : Ce  rdsultat  montre  de  plus  qu'il  n'y  a pas  conversion  de  modes  pour  lea  fibres  3 saut 
d' indice  sur  des  longueurs  de  I'ordre  du  kilomdtre. 

IV. 2.  - Mesure  de  I'ouverture  numdrique 

La  mesure  ci-dcssua  permat,  en  principe,  de  mesurer  I'ouverture  numdrique,  mais  dans  la 
pratique  alle  s'avdre  ddlicate  3 rdaliser  avec  une  bonne  prdclsion.  Une  autre  faqon  de  proedder  con- 
siate  3 ddsaxer  d'un  certain  angle  la  fibre  3 sMsurer  par  rapport  3 la  fibre  source.  La  fig.  6 montre 
I'dvolution  de  la  courbe  de  transfert  en  fonction  de  I'angle  de  ddsaxage  ; il  apparatt  dans  cette  ca- 
raetdriatique  des  trous  3 certaines  frdquancea.  On  ddmontra  thdoriquament  que  la  frdquence  du  premier 
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trou  cTti  depend  de  I'ouverture  numSrique  de  la  fibre  et  de  sa  longueur. 

La  figure  7 montre  cette  dependence  et  peut  Stre  utilisSe  pour  la  determination  de  I'ouver- 
ture nuaerique. 

IV. 3.  - Influence  de  I'ouverture  numerique  sur  la  bande  a -6dB 

Etant  en  possesaion  d'un  grand  nombre  de  piicea  de  un  kilometre  de  fibres,  dont  I'ouverture 
numerique  varie  entre  0,1  et  0,35  nous  avons  regarde  1' influence  de  cette  ouverture  numerique  sur  la 
frequence  i -6dB  ; Le  tableau  8 presente  ces  resultats. 

On  verifiers  que  si  pour  une  fibre  donnee,  on  connait  son  ouverture  numerique  Nj  et  sa  fre- 
quence i -6dB.  On  determiners  la  frequence  d'un  sutre  kilomStre  d'ouverture  numerique  ON2  par  : 


Ce  resultat  ddcoula  directement  de  I'analyse  thEorique  dont  la  reference  a ete  donnee  pre- 
cedcBcnt  et  qui  conduit  t una  rtponsa  iapulaionnelle  f(t)  dont  la  valcur  de  3 sst  donnde  par  : 

2 ^ (011)^ 


oO  n,  ctt  1* indice  du  coeur 
L la  longueur  du  guide 
C la  eitaaaa  da  la  Ivaiftra 

k une  constante  de  proportionality 


IV. 4.  - Aeaociation  de  fibre  ^ eaut  d* indice 

Nout  avone  connect^  bout  d bout  plusieurs  pidces  de  un  kilometre  et  ^ cheque  nouveau  kilo* 
nitre,  noua  avona  relavi  la  function  de  transfert  (fig.  9).  Lea  connecteura  aont  conatituis  de  simple 
rainure  en  V et  ont  une  perte  moyenne  d'environ  0,5dB  avec  liquide  adaptateur  d* indice. 

Si  on  ytudie  le  comportement  du  module  de  la  function  de  transfert,  on  s'aperqoit  que  plus 
on  ajoute  de  longueurs,  plus  on  modifie  I'allure  de  la  riponse,  jusqu'i  obtenir  une  stability  i la 
courbe  5.  Cette  courbe  limite  eat  une  gaussienne,  transformye  de  Fourier,  d*une  function  temporelle 
gaussienne.  La  reponse  impulsionnelle  des  fibres  connectyes  est  done  diffyrente  de  la  reponse  des  fi~ 
brea  individuelles.  Une  riponae  gaussienne  est  due  i une  importante  conversion  de  modes  dans  le  guide  ; 
dans  le  cas  prisent,  cette  conversion  est  due  aux  connecteura  qui  font  une  rediatribution  aiyatoire 
de  I'energie  dea  modes  d'une  fibre  dans  I'autre. 

De  ce  rysultat,  on  en  dyduit  que  la  bande  passante  par  example  i -3dB  dicroit  en  function  de 
1* inverse  de  la  racine  carrye  de  la  longueur. 


V.  - RESULTATS  SUR  FIBRE  A GRADIENT  D*IND1CE 
V. I , - Influence  du  profil  d*ipdice 

Dans  cette  expyrience,  nous  cherchons  i corriler  la  valeur  de  f^  (valeur  de  la  frequence  i 
-6dB)  i celle  du  paramitre  , proposy  par  GLOGE-MARCATILI,  conine  dycrivant  correctement  le  profil 
d* indice.  La  figure  10  montre  qu'on  obtient  une  bande  passante  (A  -6dB)  optimale  pour  une  valeur  de 
comprise  entre  2 et  2,1  conm*  le  pryvoient  les  ytudes  thioriques  faites  pour  lea  fibres  dopyes  au  ger-* 
manium. 


V.2.  - Expression  de  la  function  de  transfert 

La  fig.  11  montre  la  function  de  transfert  d'une  fibre  A gradient  d'indice  d'une  longueur 
ygale  A ika  et  qui  a comme  paraoiAtre  o<  une  valeur  de  2 - 2,1.  On  vArifie  que  I'allure  de  cette  courbe 
est  identique  A une  courbe  de  Gauss  de  la  for 

-\i 


la  forme  : 


L.  parmaitr.  f^  cat  unc  valeur  caracciriatique  dtpendant  de  la  nature  de  la  fibre  et  de  sa 

longueur . 

Pour  plus  de  coimiiodit£t,  nous  Identifions  chacune  des  fibres  par  sa  valeur  f^  comprise  i 
- 3dB  bien  que  route  autre  valeur  puisse  convenir. 


V.3.  - Association  de  fibres  i gradient  d'indice 

Pour  les  fibres  A saut  d'indice  dont  nous  avons  parld  prScAdemnent , nous  avons  remarquE  qu'il 
fallait  avoir  un  nombre  de  piAces  connectAes  pour  pouvoir  dire  que  la  forme  de  la  courbe  reprAsentant 
le  module  de  la  function  de  transfert  devenait  guauaaienne  ; pour  les  fibres  A gradient  d'indice,  dAs 
le  premier  kllomAtre,  nous  avons  dAjA  cette  forme  et  comme  pour  les  sauts  d'indice,  nous  pouvons  done 
Acrire  pour  une  liaison  de  piAces  connectAes 


frAquence  caractAristique  A -3dB  de  la  liaison  rAalisAe 
f^  frAquence  caractAristique  A -3dB  d'une  piAce  de  la  liaison 
L longueur  totale  de  la  liaison 
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VI.  - CONCLUSION 

Dans  le  tableau  ci-dessous  (fig.  12)  nous  aliens  rassembler  diff^rents  risultats  sur  des 
fibres  k saut  d' indice  dont  on  connait  I'ouverture  num^rique  O.N,  et  sur  des  fibres  k gradient 
d* indice  dont  on  connait  le  param^tre  . 

Cette  figure  permet  de  savoir  la  longueur  maximale  realisable  avec  certaines  fibres.  ?our 
un  systeme  de  dibit  nunerique  determine,  la  frequence  de  coupure  k *3dB  est  fonction  du  code  en 
ligne  utilise.  Les  possibilitls  de  codes  sont  con8iderables;ici  nous  prendrons  les  hypotheses  mini* 
mum  et  maximum  pour  la  bande  de  frequence  nlcessaire  en  reception,  e'est'e-dire  0,5  et  1,5  fois 
la  frequence  rythme  du  dibit  en  ligne  choisi. 

Dans  ce  tableau,  la  representation  est  rlalisle  e 1 x fr  (fr  Itant  la  frequence  rythme) 

Nous  avon.  reperl  la  valeur  de  la  frequence  rythme  des  dibits  : 2 ; 8 ; 34  ; 52  ; 140 
Mbit/s.  Sur  cette  figure,  nous  n'avons  pas  tenu  compte  de  1 ' attlnuation  propre  de  la  fibre  ou  du 
cable  , mais  en  toute  rigueur,  si  I'on  se  fixe  une  perte  de  6dB  par  km  avec  les  connecteurs,  nous 
soomes  limitls  par  la  dynamique  des  systlmes  laser-photodiode  (ref  6). 
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DETAIL  RESOLUnON  IN  OPnCAL  FIBRE  INDEX  PROFILUC  METHODS 


W.  J.  Stewart 

Allen  Clark  Research  Centre 
Ihe  Plessey  Company  Limited 
Chswell  Towcester  Northants. 

U.K. 


The  resolution  of  fine  structure  in  fibre  refractive  index  profiles  by  near-field  profiling  methods 
has  been  investigated  experimentally  and  theoretically.  Ihe  standard  near-field  method  and  a new 
improved  method  are  treated.  The  significance  of  this  structure  in  affecting  fibre  bandwidth  is 
described  and  the  results  qualitatively  explained  in  resolution  terms.  The  concept  of  mode  volume  is 
introduced. 

The  measurement  of  refractive  index  within  optical  fibre  cores,  and  particularly  the  measurement  of 
index  profiles  in  graded  fibres,  has  always  proved  difficult.  One  of  the  amplest  methods  is  the  'near- 
field*  profiling  technique  originally  described  by  Payne,  Sladenand  Adams^  /variants  of  this  method 
have  been  devised  by  other  workers  All  these  methods  suffer  from  the  need  to  correct  for  the 

effect  of  leaky  modes(l).  A new  method,  based  on  similar  principles  but  avoiding  this  effect  has  been 
devised,  and  will  be  described  in  full  at  lOOC  in  Tokyo.  All  these  methods  show  very  fine  structure  in 
the  index  profile,  although  it  can  also  show  false  structure'''^.  We  have  done  a series  of  experiments 
in  which  a test  object  known  to  be  of  step  refractive  index  structure  has  been  examined  using  a system 
similar  to  that  employed  in  references  2 and  3f  except  that  no  guiding  structure  was  involved.  The 
apparatus  consisted  of  a microscope  objective  that  focussed  a spot  from  a laser  onto  the  surface  of  a 
silica  or  glass  plate  that  had  been  partially  cracked.  ITie  crack  had  been  filled  with  liquid  of  slightly 
lower  refractive  index  than  the  plate,  and  covered  with  a coverslip.  This  formed  a thin  slab  with  its 
surface  parallel  to  the  axis  of  the  microscope  objective,  a few  microns  thick.  Liquid  refractive  indices 
higher  than  that  of  the  plate  were  not  used  because  of  losses  expected  in  the  liquid.  This  layer 

simulates  a thin  layer  within  a larger  fibre  core.  The  profiling  action  in  near-field  methods  arises 

because  the  fibre  core  filters  the  radiation  input  to  it  according  to  the  angle  of  propagation,  this 
angle  in  turn  being  determined  by  the  refractive  index  in  the  inmiediate  vicinity  of  the  point  of  launch. 

In  this  resolution  experiment  and  also  in  the  new  profiling  method,  the  angle  filtering  action  of  the 
fibre  is  performed  using  an  external  stop  behind  the  plate.  ITiis  has  two  important  advantages.  Firstly 
the  stop  is  so  large  that  all  modal  effects  are  eliminated,  and  secondly  the  effective  NA  that  it  gives 
can  be  varied  at  will.  Experiments  have  been  performed  at  filtering  aperture  NA*s  from  O.5  down  to  near 
lero,  at  input  objective  NA's  of  0.5  and  0.25,  and  for  index  differences  from  10”2  to  10"4.  ■nie  results 
show  fringing  at  the  edges  of  the  objects  (known  of  course  to  be  step  index)  whose  wavelength  is 
characterised  by  the  filtering  aperture  NA.  The  amplitude  of  the  fringing  is  constant  for  smaller 
aperture  NA's  at  about  10S6  of  the  amplitude  of  the  intensity  step,  in  agreement  with  ref.  2,  but  appears 

to  fall  for  NA's  greater  than  0.3,  possibly  due  to  the  finite  site  of  the  scanning  spot.  Neither  the 

fringe  amplitude  relative  to  the  intensity  step  nor  the  wavelength  show  any  dependence  upon  the  size  of 
the  index  step  or  the  NA  of  the  launching  objective. 

It  is  possible  to  explain  these  data  for  some  objects  in  terms  of  the  summation  of  modes,  as  was  done 
in  reference  2,  or  indeed  on  a mode  density/information  content  basis  for  more  general  structures,  but  a 
simpler  method  applicable  to  all  near  field  methods  can  be  devised.  This  describes  the  fringes  as  due 
to  interference  between  the  original  launched  wave  and  light  Fresnel  reflected  from  the  index  step.  It 
is  not  difficult  to  show  that  fringes  produced  in  this  way  satisfy  all  the  requirements  of  the  experimental 
data  and  show  no  significant  differences  with  polarization.  ITiey  vary  in  fact  exactly  as  the  intensity 
step  predicted  by  geometrical  optics  varies,  and  it  seems  possible  that  all  near-field  imaging  might  bo 
explained  in  this  way,  though  this  has  not  proved  possible  to  date.  Hie  fringing  is  2dso,  except  for 
phase  changes,  independent  of  whether  the  index  step  is  up  or  down.  These  results  are  esMcially 
significant  as  it  can  easily  be  shown  that  normal  coherent  or  incoherent  imaging  theory'”  shows  quite 
incorrect  dependencies.  This  has  been  confirmed  experimentally  using  both  phase  and  amplitude  test 
objects. 

In  standard  near  field  methods  the  observing  NA  is  fixed  by  the  fibre  NA  - the  fibre  local  NA  that 
is,  which  falls  off  towards  the  edge  in  graded  fibres.  This  effectively  limits  the  risolution  obtainable, 
especially  near  the  edge  of  graded  fibres  where  the  local  NA  is  very  small,  and  this  effect  and  the  lack 
of  available  test  objects  of  known  structure  makes  testing  this  theory  Impossible.  However,  the  new 
method  mentioned  earlier  uses  radiation  modes  to  profile  the  fibre  and  its  resolution  is  controlled  using 
an  external  stop.  Since  this  stop  has  of  necessity  to  filter  at  about  twice  the  fibre  NA  the  resolution 
should  be  improved  by  about  this  factor.  In  order  to  test  the  theory  for  an  object  with  a higher 
refractive  index  than  its  surroundings  a single  mode  fibre  was  profiled  using  both  standard  and  new  methods. 
Hie  standard  method  of  course  gives  a curve  very  similar  to  the  Intensity  profile  of  the  fibre  mode,  whereas 
the  new  method  clearly  shows  the  shape  of  the  fibre  index  profile,  albeit  not  very  clearly. 

Much  effort  has  been  devoted  to  the  problem  of  defining  the  optimum  index  profile.  Less  attention  has 
been  paid  to  the  effects  of  errors  from  this  profile.  Nevertheless  two  important  papers  have  appeared  on 
this  subject,  by  Olshansky'”'  and  Arnaud'7).  Both  are  complex  and  make  resort  ultimately  to  numerical 
methods  to  calculate  the  results.  The  former  treats  (among  others)  sinusoidal  perturbations  about  an 
optimum  profile,  and  the  latter  treats  a staircase  approxl^tlon  to  the  optimum.  The  theoretical 
approaches  also  differ  considerably.  So,  unfortunately  do  the  methods  of  presenting  the  results  and  the 
parameters  of  the  fibres  treated  numerically.  Nevertheless  it  is  possible  by  examining  the  equations 
developed  to  deduce  dependencies,  or  likely  dependencies  on  the  fibre  parameters  - pi  Imarily  on  the  fibre 
radius  'a',  the  index  difference  parameter  '^'  and  the  well-known  parameter  'V.  Olshansky's  equations 
show  that  for  constant  V the  degradation  in  bandwidth  produced  by  a given  perturbation  is  linearly 
dependent  upon  A , and  his  numerical  results  (and  cosnents  upon  them)  appear  to  suggest  that  the  effect 
of  a sinusoidal  perturbation  depends  upon  (n/V),  where  'n'  is  the  number  'f  periods  radially.  Amaud's 
results  show  an  approximate  dependence  on  ^ for  constant  a.  Using  these  to  adjust  the  numerical  results 
so  that  they  apply  to  the  same  fibre  shows  that  the  results  are  actually  very  similar,  except  that  Arnaud's 


include  the  effect  of  the  residual  second  order  dispersion  and  Olshansky's  do  not.  Considering  the 
different  nature  of  the  perturbations  agreement  is  quite  close.  Examination  of  the  results  shows  that 
they  are  consistent  with  the  effect  of  a sinusoidal  perturbation  varying  as  ( A r(  n/V))  where  F is 
a function  of  u/V  that  is  near-constant  for  low  n/V  but  shows  a cut-off  behaviour  at  higher  values.  In 
the  vicinity  of  this  cut-off  the  dependence  shown  by  Amaud's  results  is  found.  Ihe  resolution  of 
detail  that  would  be  expected  from  the  standard  near  field  profiling  method,  that  is  the  ability  of  the 
fibres'  modes  to  resolve  the  detail  actually  shows  very  much  this  dependence,  so  that  the  effect  of  a 
perturbation  depends  upon  it  being  resolved.  This  simple  picture  explains  the  general  features  of  the 
calculated  results,  but,  as  Arnand  pointed  out,  perturbations  it  wavelengths  down  to  less  than  half  the 
resolution  limit  still  have  a significant  effect,  albeit  somewhat  reduced,  and  in  this  context  the 
extra  resolution  of  the  new  profiling  method  is  useful. 

It  might  also  be  deduced  that  small  core  fibres  of  low  V value  will  be  less  sensitive  to  the 
inevitable  errors  from  the  ideal  profile  than  larger  fibres.  Ihis  is  probably  true  and  'low-mode'  fibres 
with  V values  less  than  10  may  be  useful  as  alternatives  to  single  mode  fibres  for  high  bandwidth  lines. 
Assuming  longer  source  wavelengths  were  used  this  gives  a core  diameter  of  about  25  microns.  However, 
care  must  be  exercised  in  choosing  such  designs;  for  example  at  any  given  V value  optisium  insensitivity, 
and  hence  maximum  bandwidth,  is  achieved  at  minimum  ^ , but  this  will  also  involve  highest  siicrobending 
loss.  In  this  context  it  seems  opportune  to  introduce  a new  fibre  parameter  the  effective  V value  Vg. 
Ibis  is  defined  as  the  square  root  of  the  integral  of  the  index  difference  across  the  core  of  the  fibre. 
With  appropriate  choice  of  constants  this  gives  the  usual  V value  for  step-index  fibres,  but  a new  value 
for  graded  fibres.  For  doped  silica  fibres  it  is  simply  dependent  upon  the  quantity  of  dopant  per  unit 
length.  Ve^  is  also  directly  proportional  to  the  number  of  modes  in  a fibre  md  therefore  the  light 
coupled  from  an  LED.  It  is  defined  for  any  fibre  regardless  of  gradient  and  cross-sectional  shape,  and 
a remarkable  range  of  parasieters  lose  their  gradient  dependence  if  expressed  in  these  terms.  For  example 
the  single  mode  cut-off  in  graded  and  slab  guides,  and  the  microbending  loss.  The  dependence  of  jointing 
loss  on  gradient  is  somewhat  reduced. 

lhanks  are  due  to  the  directors  of  The  Plessey  Company  Limited  for  permission  to  publish  this  paper. 
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NOVEL  TECHNIQUE  FOR  MEASURING  THE  INDEX  PROFILE  OF  OPTICAL 
FIBERS 


by 
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and 

R.M.  Derosler 
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Crawford  Hill  Laboratory 
Holmdel,  N.J.  07733 


SUMMARY 


A novel  technique  for  measuring  the  refractive  Index  profile  of  optical  fibers  Is  demonstrated, 
which  offers  substantial  advantages  over  alternative  methods.  The  method  consists  of  Illuminating  a small 
area  of  the  fiber  core  and  measuring  the  total  transmitted  power.  The  transmission  of  leaky  modes  Is  ac- 
counted for  In  the  manner  reported  previously  by  other  authors.  The  Index  profiles  of  germanla-doped  fi- 
bers obtained  by  this  technique  are  compared  to  Interferonetric  measurements.  The  resolution  Is  shown  to 
be  limited  by  wave  optics  effects  to  about  A.  (An  /?4  )"i  , where  A * an/n.  The  distorslon  of  the  in- 
dex profile  as  the  wavelength  varies  and  wave-optics  effects  are  Investigated. 

1.  INTRODUCTION 

The  accurate  measurement  of  Index  profiles  at  various  wavelengths  may  help  design  multimode  fi- 
bers whose  transmission  capacity  would  go  well  beyond  what  has  been  presently  achieved.  Indeed,  numerical 
calculations  and  theoretical  analyses  (Marcatlll  1977,  Amaud  1976a)  show  that  there  exists  In^x  profi- 
les (usually  no  power-law  profiles)  which,  for  quasi -monochromatic  sources,  provide  transmission  capaci- 
ties of  about  1.6/a2  Mbit/s  x km,  where  A ; An/n.  Measured  transmission  capacities  are  about  10  times 
smaller.  In  order  to  determine  the  optiiwjm  profiles,  it  Is  indispensible  to  know  the  variation  of  dn/dXo 
as  a function  of  n for  the  class  of  materials  considered,  with  an  accuracy  of  about  1*.  The  required 
variation  of  dn/dx^  as  a function  of  n can  be  obtained,  in  principle,  from  measurements  on  bulk  sam- 
ples (e.g.,  Amaud  and  Fleming,  1976).  One  may  question,  however,  whether  measurements  on  bulk  samples 
are  applicable  to  the  fiber  material  with  sufficient  accuracy.  For  that  reason,  and  also  because  the  fa- 
brication and  measurement  of  bulk  samples  is  time  consuming,  the  direct  measurement  of  index  profiles  at 
various  wavelengths  is  highly  desirable.  Once  the  optimum  profile  applicable  to  the  class  of  materials 
considered  has  been  determined,  oneneeds  measure  the  departures  of  the  profile  n(r)  of  the  fabricated 
fiber  from  optimum.  Very  small  deviations  nay  degrade  considerably  the  transmission  capacity. 

An  Interesting  experimental  technique  for  measuring  circularly  symmetric  Index  profiles  has 
been  proposed  by  Gloge  an  Marcatlll,  1973.  The  Index  profile  Is  obtained  by  measuring  with  a pin  hole 
the  radial  distribution  of  Intensity  In  fibers  excited  by  Lambertian  (e.g.,  thermal)  sources.  In  a series 
of  careful  measurements,  Sladen,  Payne  and  Adams  (1976)  have  shown  that  good  agreement  can  be  obtained  between 
the  Intensity  In  the  fiber  core  and  the  Index  profile  obtained  be  Interferometry  provided  the  non-zero 
transmission  of  the  leaky  modes  is  accounted  for.  If  this  correction  Is  made,  the  fiber  samples  need  not 
be  larger  than  about  1 meter  , and  may  be  as  small  as  1 cm. 

The  technique  that  we  describe  In  the  present  paper,  henceforth  called  the  transmission  techni- 
que, Is  related  to  the  near-field  technique  discussed  above,  but  It  differs  from  It  In  may  significant 
ways.  Amaud  (1976b)  has  shown  that.  If  one  Illuminates  a small  area  of  the  fiber  core  (perhaps  of  the 
order  of  xj  ) at  x,  y,  the  total  transmitted  power  Is,  for  sufficiently  long  fibers,  proportional  to 
"^(Ji.y)  ' > where  n(x,y)  denotes  the  refractive  index  at  x,y  , and  the  cladding  index.  The  proof 

is  straight-forward  : The  rays  radiated  from  the  illuminated  area  have  an  almost  uniform  distribution  In 
the  plane  k^  , ky  , where  k,,  ky  denote  the  transverse  components  of  the  wave  vector  k.  Because  of  the 
relation  kS  + kj  ♦ k|  • k*(x,y)  r (w/c)^n*(x,y)  which  holds  between  the  rectangular  components  of  i,  and 
because  only  rays  whose  k^  Is  larger  than  kg  are  transmitted  without  loss,  the  power  transmitterd  through 
long  fibers  Is  proportional  to 

k^  ♦ ky  • k^(x,y)  - kj  s Index  profile  (1) 

(see  Fig.  1).  The  rays  in  the  dotted  area  In  Fig.  lb  leak  away  If  the  fiber  Is  sufficiently  long.  Other- 

wise their  contribution  to  the  total  transmitted  power  needs  to  be  subtracted  in  the  manner  reported  by 
Sladen  and  others  (1975).  If  the  spot  size  is  less  than  x^  , one  may  use  as  a source  either  a (coherent) 
laser  or  a (spatially  Incoherent)  LED.  If,  however,  the  spot  size  Is  significantly  larger  than  x.  , It  Is 
essential  to  use  near-Lambertlan  sources  such  as  LEDs.  Indeed,  coherent  beams  of  large  cross-section  would 
excite  predominantly  paraxial  rays.  This  would  require  Introducing  additional  correction  factors. 

In  the  prasent  paper  we  discuss  the  principles  and  limitations  of  the  method,  and  present  expe- 
rimental results(*).  The  transmission  method  gives  results  that  are.  In  principle.  Identical  to  the  near- 
field measurements  described  in  Sladen  ant  others  (1975). 

(T)  On  leave  of  absence  at  the  Laboratoire  des  Signaux  et  Systimes,  E.S.E.,  Gif  s/Yvette  91190  FRANCE 
(»)  After  sifcmlssion  of  this  paper,  the  authors  were  Informed  that  similar  experiments  were  being  conduc- 
ted by  J.  Midwinter  and  others  at  the  British  Post  Office,  and  J.P.  Hazan  et  L.E.P.,  France  (Private  com- 

munications) . 


The  main  advantage  of  the  transmission  method,  compared  with  alternative  methods,  including  the  near-field 
technique,  is  that  it  is  extremely  easy  to  implement.  The  results  are  highly  reproducible,  to  better  than 
on  part  in  one  thousandth. 

2.  EXPERIMENTAL  CONDITIONS 


To  implement  the  proposed  technique,  all  what  one  needs  is  an  ordinary  microscope,  a hinh-radian- 
ce  LEO  or  a laser  and  a detector.  The  numerical  aperture  (NA)  of  the  microscope  objective  should  be  at 
least  twice  as  large  as  that  of  the  fiber.  One  end  of  the  fiber  1$  properly  broken  or  polished,  and  cen- 
tered approximately  under  the  microscope  objective  at  focus.  When  the  microscope  eye-piece  is  replaced  by 
a LED,  a small  spot  of  infrared  radiation  illuminates  the  fiber  end.  As  we  have  indicated  in  the  introduc- 
tion, the  power  detected  at  the  other  end  of  the  fiber  is  proportional  to  n*(x,y)  - n|  , where  n(x,y)  de- 
notes the  index  at  the  point  x,y  of  the  fiber  where  the  light  is  focused,  and  n*  the  cladding  index.  To 
obtain  the  index  profile,  one  may  scan  either  the  fiber,  with  a total  motion  of  about  100  um,  or  the  sour- 
ce, with  a total  motion  of  about  3mm.  The  arrangement  shotei  in  Fig.  2 incorporates  a beam  splitter 

(AA  1)  to  allow  the  fiber  to  be  observed  during  scanning.  (A  second  beam-splitter,  which  combines  the  light 
from  two  LEDs,  is  shown  in  the  figure.  It  is  used  only  for  dispersion  measurements.)  Some  infrared  LEDs 
radiate  red  light  with  sufficient  intensity  for  direct  observation.  To  obtain  a good  resolution,  it  is 
desirable  that  the  LED  act  as  a point  source,  that  is,  that  the  apparent  size  of  the  LED,  demagnified  by 
the  microscope  objective,  be  smaller  than  the  diffraction-limited  spot  : Xg/NA,  defined  by  the  numerical 
aperture  NA  of  the  microscope  objective.  An  apparent  emissive  diameter  of  25  um  (before  demagnification) 
is  adequate.  The  angular  orientation  of  the  fiber  under  the  microscope  objective  can  be  varied.  A gauge 
measures  its  displacement  with  respect  to  the  microscope  objective. 

The  advantages  of  the  proposed  technique,  compared  to  the  more  conventional  near-field  techni- 
que, are  manyfold. 

2.1.  In  the  near-field  method,  the  source  is  required  to  be  Lambertian  and  uniform  over  the 
full  cross-section  of  the  fiber  core.  As  pointed  out  by  Sladen  and  others  (1975),  this  condition  is  in 
fact  difficult  to  achieve  with  LEDs.  It isr«cessary  to  use  thermal  sources  Instead  of  LEDs.  Therm*!  sources 
(e.g.,  tungsten  wires)  provide  poor  signal-to-noise  ratios  when  the  spectral  width  is  restricteo  by 
narrow-band  Interference  filters.  In  the  transmission  method,  one  does  require  the  NA  of  the  microscope 
objective  to  be  significantly  larger  than  that  of  the  fiber  (at  least  for  coherent  sources),  but  the  re- 
quirement concerning  the  spatial  uniformity  of  the  source  is  relaxed.  In  some  sense,  the  requirement  of 
spatial  uniformity  is  transferred  from  the  source,  where  it  is  difficult  to  achieve,  to  the  detector, 
vdiere  the  condition  is  easily  met. 

2.2.  The  optics  is  much  simplified.  One  needs  only  one  microscope  objective  instead  of  (typically) 
three.  Thus,  the  signal-to-noise  ratio  is  improved. 

2.3.  Near-field  measurements  provide  the  shape  of  the  index  profile  but  not  the  absolute  value 
of  An(r)  ■ n(r)-ng,  where  n^  denotes  the  cladding  index.  In  the  transmission  method,  one  can  calibrate 
an  by  measuring  the  intensity  radiated  axially  by  the  microscope  objective.  This  calibration  technique 
will  be  discussed  in  more  detail  in  the  next  section. 

2.4.  The  transmission  method  can  be  combined  with  the  Fresnel-reflection  technique  (for  a recent 
report  of  the  Fresnel-reflection  technique,  see,  for  example.  Stone  and  Earl  (1976).  To  implement  this  mo- 
dification, one  replaces  the  microscope  eye-piece  in  Fig.  2 by  a detector. 

An  important  drawback,  that  applies  to  both  the  transmission  and  near-field  methods,  is  encoun- 
tered when  the  fiber  exhibits  a low-index  region  near  the  cladding.  In  that  case,  some  modes  (besides  the 
so-called  weakly  leaky  modes)  are  leaking  very  slowly,  and  the  interpretation  of  the  measurements  becomes 
ambiguous.  The  resolution  offered  by  these  methods  may  be  marginal  when  the  fiber  profile  exhibits  very 
fast  fluctuations.  Note  also  that,  for  non-circularly  symmetric  profiles,  the  corrections  factors  for  leaky 
rays  have  not  been  worket  out.  If  the  deviation  from  perfect  circular  symmetry  is  small,  however,  the 
usual  correction  factor  may  be  used. 

3.  INCIDENT  BEAM  PATTERN  AND  INDEX  CALIBRATION 


In  order  to  make  precise  measurements,  the  radiation  from  the  microscope  objective  should  obey 
approximately  the  Lambert's  law,  at  least  for  angles  a to  the  axis  that  are  less  than  /2a.  To  verify 
that  this  law  1$  approximately  obeyed,  one  translates  the  detector  in  front  of  the  microscope  objective 
at  some  distance  d » x from  the  focal  point.  Ideally  the  variation  of  the  detected  power  as  a function 
of  the  distance  r from  axis  should  be 

P(r)  • cos''a  • (1  ♦ r2/d*)'*  (2) 

The  desired  variation  of  P with  r in  (2)  is  shown  in  fig.  3.  The  maximum  value  of  r/d  cor- 
responding to  a particular  a is  given  by 

r/d  - (NA‘‘-1)*^'^  (3a) 

NA  - n^/Tk  (3b) 

The  values  of  r/d  are  shown  in  Fig.  3 for  typical  values  of  a and  n^^  ■ 1.45. 

Let  us  now  consider  the  problem  of  calibrating  an.  This  is  done  by  measuring  the  Intensity 
radiated  axially  by  the  microscope  objective.  Let  the  power  detected  in  front  of  the  microscope  objective 
be  denoted  P end  the  power  transmitted  through  the  fiber  for  near-axial  excitation  be  denoted  P.  If  the 
detector  radius  is  denoted  p , and  its  distance  from  the  microscope  objective  focal  point  is  d,  the 
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NA  • rip  /?A  of  the  fiber  Is  given  by 

NA  - (p/d)/'PArPc  (4) 

*4»ere 

n - [4no/(no  ♦ 1)2  (5) 

accounts  for  the  Fresnel  reflection  at  both  ends  of  the  fiber.  This  expression  for  n Is  not  rigorous  but 
It  Is  sufficiently  accurate  for  our  application.  With  sufficient  accuracy,  ve  can  set  no  • 1.45.  Then 
n • 0.93.  Convenient  values  for  d and  p are  d • 10  mm  and  p « 1 nin  respectively.  We  thus  obtain,  from 
(4)  and  (5) 


NA  • 0.104/P7Fc 

(6a) 

i - 0.00255(P/Pc) 

(6b) 

It  Is  of  course  necessary  to  have  good  breaks  at  both  ends  of  the  fiber.  We  have  assumed  that 
the  fiber  loss  la  negligible;  this  Is  the  case  for  most  fibers  If  the  length  Is  of  the  order  of  Im  or  less. 


4.  REFRACTIVE-INDEX  PROFILE  MEASURCWENTS 

The  measurement  technique  described  In  previous  sections  has  been  applied  to  graded-index  fibers. 
The  results  obtained  are  highly  reproducible,  to  better  than  one  part  In  1000,  even  after  a few  hours.  If 
the  fiber  tip  Is  protected  by  a glass  plate  and  an  Index  matching  fluid.  The  axial  Index  dip  characteris- 
tic of  genaania  (or  phosphor-oxide)  doped  fibers  Is  very  useful  to  define  the  fiber  center  and  achieve 
optimum  focusing. 

The  (uncorrected)  transmission  profile  of  a german la- doped  fiber  (a  • 0.0104,  core  radius  • 24um) 
was  measured  In  two  perpendicular  aximuthal  directions, labeled  0®  and  90®  respectively.  These  two  profiles 
are  shown  In  fig.  4 as  plain  lines  and  dashed  lines,  respectively.  We  conjecture  that,  for  the  small  de- 
viations from  circular  syiwaetry  exhibited  by  the  fiber  Investigated,  the  usual  correction  factor  Is  appli- 
cable. However,  It  turns  out  that  Interferometric  measurements  agree  better  with  uncorrected  than  with 
corrected  profiles.  It  Is  not  clear  at  the  moment  whether  this  Is  due  to  fiber  Irregularities,  lack  of 
perfect  circular  symmetry  of  the  fiber,  or  systematic  errors  In  experimental  techniques. 

The  theoretical  result  In  (1)  shows  that  the  transmission  technique  Is  applicable.  In  principle, 
to  non-circularly  syimetrlc  profiles,  as  well  as  to  circularly  syimnetrlc  profiles.  A preform  that  acciden- 
tally collapsed  flat  (MacChesney  an  O'Connor,  private  communication)  has  been  pulled  at  our  request  Into 
a fiber,  and  measured.  The  uncorrected  profiles  are  shown  In  fig.  5. 

One  of  the  most  Interesting  and  Intriguing  question  Is  whether  Index  profiles  get  significantly 
distorted  as  the  wavelength  varies  (Independently  of  possible  changes  of  scale).  Fleming's  measurements  on 
bulk  samples  of  germanla  doped-sIHca  clearly  Indicate  that  profiles  should  get  distorted  significantly 
as  the  wavelength  varies.  This  effect,  however,  has  not  been  observed  before  on  fibers.  We  report  here 
preliminary  measurements  of  profile  distortion. 

The  profiles  of  a germanla  doped  fiber  were  measured  with  the  transmission  method  at  two  wave- 
lengths • 0.79  urn  and  Xq  • 0.9  um.  The  resolution  (Indicated  by  the  depth  of  the  central  d1p)1s  slightly 
poorer  at  the  longer  wavelength.  When  the  scanning  Is  made  slightly  off-center  to  avoid  the  central  dip,  the 
difference  between  the  two  profiles  (normalized  to  unity  on  axis)  are  found  to  be  extremely  small,  yet 
significant.  To  exhibit  this  difference  with  good  accuracy,  we  have  combined  the  light  from  the  two  LEDs 
with  a beam  splitter  as  shown  In  fig.  2 (/f  2).  Square  pulses  are  applied  to  the  LEDs.  The  positive  parts  of 
the  pulses  drive  one  LED  and  the  negative  parts  drive  the  other.  The  levels  are  adjusted  to  have  equal 
detected  powers  on  the  fiber  axis,  and  therefore,  zero  siwial  on  the  lock-in  amplifier.  The  difference 
between  the  two  normalized  profiles  Is  plotted  In  fig.  6 (curve  b).  More  precisely,  we  have  plotted  in 
fig.  6 the  “profile  distorslon"  d s Xodn/dXg,  where  n 5 N/2a  and  N • 1 - n^/nj,  as  a function  of  r/a. 

CCNCLUSlOn 

■■  ■-  Index  profiles  can  be  obtained  In 

about  1 minute  (fiber  end  preparation  and  testing).  The  agreement  between  our  technique  and  Interferome- 
tric measurements  leaves  something  to  be  desired.  The  discrepency,  however,  may  be  attributed  to  the  lack 
of  perfect  circular  symmetry  of  the  fiber  Investigated.  Theoretical  considerations  show  that  the  resolu- 
tion Is  about  x/4/2a.  For  a typical  value  & * 0.015,  this  resolution  Is  about  the  free-space  wavelength 
Xo  * 1 wm.  This  appears  to  be  sufficient  for  most  practical  purposes. 

Comparison  of  depths  of  central  Index  dips  suggests  that  the  transmission  technique  (and  the 
near-field  techniques  as  well)  provide  better  resolution  than  Interferometric  techniques.  We  have  pre- 
sented preliminary  evidence  for  the  distorslon  of  the  Index  profile  as  the  wavelength  varies  (profile 
distortion),  an  effect  that  was  Infered  previously  only  from  measurements  on  bulk  samples.  Theories  that 
neglect  profile  distorslon  may  be  In  considerable  error. 

we  shall  now  make  a few  suggestions  for  Improvement  of  the  measurement  technique.  Iiimersed  mi- 
croscope objectives  would  be  useful  to  prevent  Interference  effects  between  the  objective  and  the  fiber 
tip  when  monochromatic  laser  sources  are  used.  The  processing  of  the  experimental  data  can  be  considera- 
bly Improved  If  the  lock-in  amplifier  and  the  gauge  have  digital  read-outs.  The  correction  factor  of 
leaky  rays  should  be  calculated  for  the  apparent  measured  profile  (rather  than  for  a square-law  profile) 
and  Iterated.  Non-circularly  synaetric  profiles  can  be  corrected,  In  principle,  but  the  correction  pro- 
blem has  not  been  solved  yet.  Finally,  one  may  attempt  to  deconvolve  the  wave-optics  effects  that  are 
most  consplcoous  In  regions  where  the  Index  varies  rapidly.  The  possibility  of  performing  this  deconvolu- 
tion Is  Intriguing,  but  the  analytical  problem  remains,  to  our  knowledge,  unresolved.  The  case  of  fibers 


with  an  index  barrier  between  the  core  and  the  cladding  requires  further  analysis. 

Among  all  the  index-profile  measurement  techniques  that  have  been  proposed  so  far,  the  transmis- 
sion technique  that  we  have  described  here  appears  to  be  the  easiest  to  implement  and  the  most  reliable. 
Improvement  in  data  processing  should  make  the  results  quite  accurate  in  most  cases. 
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Fig.  1 (a)  In  the  transmission  method,  the  microscope  objective  illuminates  a small 

area  of  the  fiber  end,  of  the  order  of  . 

0 

(b)  The  intensity  is  assumed  uniform  in  the  k.,  ky  space.  For  long  fibers,  only 
the  rays  in  the  shaded  area  are  transmitted.  For  short  fibers,  the  rays  in  the 
dotted  area  may  also  be  transmitted  (leaky  rays).  T denotes  the  power  transmission. 


Fig.  2 


Experimental  set-up  of  the  transmission  technique.  The  fiber  is  scanned  mechani- 
cally and  its  nwtion  is  recorded  with  a gauge.  Two  LEDs  are  used  for  dispersion 
measurement. 


IDEAL  INTENSITY  DISTRIBUTION  I(r) 
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Fig.  3 The  curve  shown  is  the  desired  radiation  pattern  from  the  microscope  objective. 

It  is  Sufficient  that  this  law  be  obeyed  from  r/d  « 0 to  the  value  corresponding 
to  the  a of  the  fiber  (e.g.,  r/d  < 0.3  if  a » 0.02).  The  experimental  points  are 
from  a UD20,  NA  » 0.57, microscope  objective. 


Fig.  4 Profile  of  a germania-doped  fiber  in  two  azimuthal  planes  (0*  and  90®).  The 

measured  NA  is  0.202,  a • 0.00974,  L • 1.6m. 
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Fig.  5 Profile  of  »>  fiher  with  n«*p-e1HpticaT  core. 
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Profile  distorsion.  Curve  (a)  is  calculated  from  Fleming's  measurements  on 
bulk  samples  as  reported  in  Amaud  and  Fleming  (1976)  (Fig.  1,  curve  labelled 
X • 0.9  urn).  Curve  (b)  is  the  difference  between  the  normalized  profiles  at 
Xo  • 0.79  and  0.9  wm.  Curve  (c)  is  the  same  as  curve  (b)  but  corrected  for  the 
leaky  rays. 
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INFLUENCE  OF  THE  REFRACTIVE  INDEX  PROFILE  ON  THE  TRANSMISSION  QUALITY  OF  GRADIENT 
INDEX  OPTICAL  FIBRES 

G.  Gllemeroth<  D.  Krause,  N.  Neuroth,  F.  Reitmayer 
Jenaer  Glaswerk  Schott  & Gen.,  6500  Mainz,  West-Germany 


SUMMARY 

The  problems  occurring  in  the  manufacture  and  investigation  of  fibres  with  the  refractive 
index  profile, required  by  theory, are  described .The  fibre  core  consists  of  multi-component- 
glasses  and  is  produced  by  the  method  of  inside  coating  of  a glass  tube  and  subsequent 
collapsing  and  drawing.  The  refractive  index  profile  is  determined  by  an  Interferometric 
method  and  by  measuring  the  near  field  intensity  distribution.  The  pulse  broadening  is 
measured  directly.  The  Influence  of  different  profiles  on  the  pulse  broadening  is  demon- 
strated. Typical  properties  of  the  fibres:  total  loss:  < 5 dB/km  at  the  wavelength 
850  nm;  pulse  broadening:  1...3  ns/km;  numerical  aperture:  0,2... 0,3. 

THEORY  OF  OPTIMAL  REFRACTIVE  INDEX  PROFILE 

Two  effects  are  responsible  for  the  pulse  broadening  of  a gradient  index  fibre:  a)  rays 
with  different  angle  of  incidence  have  different  transit  time  (modal  dispersion) , espe- 
cially if  the  profile  is  not  optimal;  b)  rays  with  different  wave  length  have  different 
transit  time,  caused  by  the  optical  dispersion  of  the  core  glass  (material  dispersion) . 

The  first  effect  was  investigated  by  GLOGE  and  MARCATILI,  1973.  The  transit  time  differ- 
ence is  minimized  if  the  core  index  is  formed  according  to  a parabolic  profile  with  the 
exponent  o<- « 2 - 2 • ( An/n)  . In  figure  1 the  pulse  broadening  of  1 km  long  fibres  is 
given  as  function  of  the  exponent  tc  representing  the  refractive  index  profile.  The  mini- 
mum difference  of  transit  time  depends  on  the  difference  ^n  of  the  refractive  indices  on 
the  axis  and  at  the  edge  of  the  fibre  core.  The  value  of  the  delay  difference  is 

At  --ii 

^ ■ 8 c n 

o 

with  L = fibre  length,  c = light  velocity,  = refractive  index  of  the  fibre  axis.  In 
1 yaliioa  are  computed  for  different  values  of  the  numerical  aperture 

A « V "o*  - n_^.  These  values  are  valid  for  monochromatic  light.  In  practice  the  light 
source  is  radiating  in  a spectral  region  of  about  20  - 40  nm  for  a light  emitting  diode 
(LED)  or  about  2 nm  for  a semiconductor  laser.  Therefore  we  have  to  take  into  account 
the  wave  length  dependence  of  the  refractive  index  of  the  core  glass.  The  transit  time 
of  light  pulses  in  glass  is  governed  by  group  velocity 


The  expression  D(r)  = 1 - is  called  dispersions-factor  (ARNAUD,  1975).  It  is 

depending  on  the  distance  r from  the  fibre  axis  because  of  the  varying  glass  composition 
in  the  fibre  core  . The  behavior  of  the  local  wave  vector 


is  governing  the  pulse  broadening  of  the  fibre.  The  inhomogeneity  of  the  material  dis- 
persion is  described  by 
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If  the  refractive  index  n(r)  depends  linearly  on  composition  and  varies  according  to 


with  2 A 


n(r)2  = [i-2A(|)‘‘J 

core  radius,  one  gets  the  expression 


The  index  g deslgnes  the  fibre  axis,  the  index  the  boundary  of  the  core.  The  variation 
of  D)(  in  glasses  ranges  approximately  from  0,9  to  1,1.  If  the  material  dispersion  of  the 
fibre  core  does  not  change  with  r the  parameter  Dj^  is  unity.  For  Dj. -values  smaller  than 
1 the  optimal  ot -value  is  lower  than  2,  for  Dj^-values  greater  than  i the  optimal  ot -value 
is  greater  than  2.  In  figure  2 the  pulse  broadening  is  given  as  a function  of  the  expo- 
nent ac  for  the  limiting  Dj^-values  0,9  and  1,1.  The  other  parameter  is  the  aperture  of  the 
fibre.  The  higher  the  aperture, the  narrower  is  the  slope  and  the  larger  is  the  minimum 
value.  If  the  fibre  should  have  a limited  pulse  broadening  (for  instance  3 ns/km)  the 
tolerance  for  the«< -region  decreases  with  increasing  aperture.  This  behavior  is  already 


r 
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3 ns/km  if  the  aperture  of  the  fibre  is  higher  than  0,3.  In  order  to  increase  the  band- 
width of  fibres  with  such  high  apertures  the  accuracy  for  making  and  measuring  the  pro- 
file has  to  be  improved. 

PRODUCING  THE  FIBRE 


We  use  the  inside  coating  technique.  The  inside  of  a glass  tube  is  coated  directly  with 
layers  of  multi-component-glasses,  consisting  of  the  oxides  of  Si,  Ge,  B,  P,  Sb  and 
others.  The  first  layers  have  a refractive  index  lower  than  that  of  the  substrate  tube. 

So  the  core  of  the  fibre  is  optically  separated  from  the  tube  material.  After  these 
layers  with  low  refractive  index  the  coatings  with  successively  higher  refractive  index 
follow,  which  will  represent  the  fibre  core  after  collapsing  the  tube  to  a rod  and 
drawing  it  to  a fibre. 

MEASUREMENT  TECHNIQUES 

The  refractive  index  profile  is  determined  by  two  different  methods:  a)  Interferometri- 
cally:  a thin  (several  10>um)  plane  polished  and  parallel  sample  of  the  fibre  is  in- 
vestigated with  an  interference  microscope;  b)  the  near  field  intensity  distribution  of 
a 3 m long  peace  of  the  fibre  is  measured  in  the  following  way  (figure  3)  . The  beeun  of 
a HeNe-laser  is  focused  as  a spot  with  1 >um  diameter  on  the  end  face  of  the  fibre.  The 
fibre  is  moved  in  the  focal  plane.  The  total  transmitted  light  is  collected  by  a detec- 
tor. The  space  between  fibre  end  and  detector  is  filled  up  with  immersion  liquid  to  re- 
duce reflection  losses.  The  intensity  is  recorded  as  a function  of  the  distance  of  the 
Illuminating  light  spot  from  the  fibre  axis.  The  intensity  distribution  is  proportional 
to  the  refractive  index  profile.  The  measurement  of  the  far  field  gives  the  numerical 
aperture  and  thus  the  refractive  index  difference  between  axis  and  boundary  of  the  fibre 
core.  The  index  profile  can  be  given  quantitatively  by  evaluation  of  the  two  data.  The 
results  of  both  methods  are  not  identical  because  the  excitation  of  leaky  modes  can  be 
different  in  both  cases.  We  will  always  give  the  smaller  values  got  by  the  interferome- 
tric measurement. 

The  pulse  dispersion  can  be  measured  at  two  wave  lengths:  850  and  904  nm  (figure  4) . The. 
input  pulses  are  about  0,2  ns  wide  (half  width).  They  are  generated  by  semiconductor 
lasers.  With  a first  objective  the  enlarged  image  of  the  light  emitting  area  is  produced. 

With  a second  objective  the  light  is  focused  on  the  fiber  entrance  surface  so  that  the 
whole  core  is  illuminated  with  an  aperture  greater  than  that  of  the  fibre.  The  output 
pulse  is  detected  by  an  avalanche  diode  and  a sampling  oscilloscope.  The  half  width  can 
be  taken  directly  from  the  recorded  diagram.  The  transfer  function  can  be  analysed  by  a 
computer.  The  measurement  at  the  different  wave  lengths  gives  the  material  dispersion  of 
the  fibre.  With  two  highly  reflecting  mirrors  the  light  is  sent  many  times  through  the 
fibres.  By  this  shuttle  pulse  technique  a greater  length  of  the  fibre  can  be  simulated 
and  mode  coupling  effects  can  be  observed. 

RESULTS 

In  figure  5 the  index  profile  (inter ferometrical  measurement)  of  fibres  with  different 
types  of  profile  are  shown.  The  fibre  N 217  has  an  oc -value  of  1,2,  the  fibre  N 204  has 
» = 3,97.  In  both  cases  the  pulse  broadening  is  higher  than  that  of  the  fibre  N 329, 
which  has  ot  = 2,00  and  =1,1  ns/)an.  This  is  according  to  the  theory.  These  fibres 

have  an  aperture  between  0,1  • and  0,22.  The  Heinrich-Hertz-Institut  in  Berlin  has  made 
a 1,6  km  long  digital  transmission  line  with  two  of  our  fibres  with  a capacity  of 
1,12  Gb/s.  Our  measurement  of  pulse  broadening  (with  excitation  of  all  modes)  has  the 
result  1,7  ns/km.  The  transfer  function  of  this  fibre  is  given  in  figure  6.  This  analysis 
gives  a nominal  capacity  of  250  MHz  • km.  This  is  valid  for  full  illumination  of  the 
fibre.  If  the  fibre  is  illuminated  by  a light  beeun  with  smaller  aperture  than  the  aper- 
ture of  the  fibre  the  capacity  of  information  can  be  improved  as  the  experiment  of  the 
Heinrich-Hertz-Institut  shows.  This  is  expected,  if  the  fibres  have  no  mode  coupling 
which  was  proved  before. 

We  have  tried  to  increase  the  fibre  aperture.  In  table  3 the  results  are  summarized.  We  . 

have  got  A-Values  up  to  0,3.  The  exponent  of  the  parabola  of  the  profile  deviates  ' 

stronger  from  the  optimal  value  than  for  fibres  with  smaller  aperture.  In  figure  7 the  v 

refractive  index  profile  is  shown.  The  dip  in  the  center  of  the  fibre  is  caused  by  evap- 
oration during  the  collapsing  process.  It  is  not  important  for  the  pulse  broadening.  « 

Figure  8 shows  the  spectral  loss  of  fibres  with  higher  aperture.  In  the  short  wave  length  « 

region  the  curves  decrease  proportional  to  X.”^.  That  shows  the  loss  to  be  mainly  due  to  # 

scattering.  The  higher  refractive  index  causes  higher  scattering  loss, because  of  the  grea-  | 

ter  composition  fluctuations.  The  absorption  band  at  950  nm  is  caused  by  an  OH  overtone  I 

vibration.  The  Independence  of  fibres  with  high  aperture  from  the  Influence  of  mechanical  1 

stress  can  be  demonstrated  by  the  loss  measurement.  The  fibre  with  A = 0,31  was  wound  on  J 

a drum  with  weak  drawing  force  and  the  loss  was  measured  under  this  tension.  The  loss  *- 

remained  unchanged  after  deloading  the  fibre  by  cooling  the  drum.  Another  advantage  of  ■ 

fibres  with  higher  aperture  is  the  increased  coupling  efficiency  between  an  incoherent  a 

light  source  and  the  fibre.  The  efficiency  can  be  Increased  by  approximately  10  dB  by  ■ 

increasing  the  aperture  from  0,15  to  0,50,  independent  of  the  radiation  characteristics  I 

of  the  source.  I 
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TABLE  1 : Calculated  pulse  broadening  of  fibres  with  optimal  exponent  of  the  parabola 


describing  the  refractive  Index  of  the  fibre  core 


Numerical  aperture:  0,15  0,20 

0,25 

0,30 

0,35 

Pulse  broadening  (ns/km):  0,015  0,056 

0,14 

0,29 

0,53 

TABLE  2;  Calculated  pulse  broadening  (ns/km) 

of  fibres 

1 with 

deviation  of  the  optimal 

exponent  « = ^ *opt  - 

Aperture 

Inhomogeneity  parameter  Dj^ 
0,9  1,0  1,1 

0,2 

1,3 

1,15 

1 ,0 

0,3 

2,9 

2,6 

2,4 

0,4 

5,3 

4,7 

4,4 

0,5 

> 10 

> 8 

> 7 

TABLE  3: 

Fibre  No 

Properties  of 

fibres  with 

Increaseu  numerical  aperture 

Aperture 

Exponent 

Pulse  broadening 
(ns/km) 

Core  diameter 
Oum) 

347 

0,31 

2,9 

9,1 

46 

343 

0,28 

3,4 

5,6 

50 

350 

0,23 

2,2 

3,2 

40 

319 

0,15 

2,00 

1,1 
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FIGURES 

1 . Calculated  pulse  broadening  caused  by  modal  dispersion  as  function  of  the  exponent 
otof  the  parabola  describing  the  refractive  Index  profile  of  the  fibre  core 

2.  Calculated  pulse  broadening  as  function  of  » for  fibres  with  different  material 
dispersion;  curves  on  the  left  side  for  Dv  = 0,9,  curves  on  the  right  side  for 

Djj  - 1,1 

3.  Device  for  measuring  the  near  field  Intensity  distribution 

4.  Device  for  measuring  the  pulse  broadening 

5.  Refractive  Index  profile  of  f Ibres ,« -value  of  the  approximating  parabola 
and  pulse  broadening 

6.  Transfer  function  of  the  gradient  Index  fibre  N 360 

7.  Refractive  Index  profile  of  fibres  with  Increased  numerical  aperture 

8.  Spectral  loss  of  fibres  with  increased  numerical  aperture 
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TRANSMISSION  CHARACTERISTICS  OF  GRADED  INDEX  FIBRES 
P.J.B.  CLARRICOATS,  J.M.  ARNOLD  and  G.  CRONE 
QUEEN  MARY  COLLEGE.  UNIVERSITY  OF  LONDON 


1 . Introduction 


The  use  of  graded-index  fibres  for  optical  communication  systems  is  now  under 
consideration  for  numerous  civil  and  military  applications,  and  in  these  either  LED  or 
LASER  sources  can  be  deployed.  The  bandwidth  of  the  system  depends  on  the  source 
linewldth,  the  dispersion  of  refractive  index  in  the  fibre,  the  strength  of  excitation 
of  the  modes  by  the  source  and  upon  the  extent  of  mode  mixing  caused,  for  exeunple,  by 
microbending.  In  fibres  with  refractive  index  profiles  which  have  a nearly  parabolic 
dependence  upon  radius,  pulse  broadening  is  slight  but,  small  departures  from  an 
optimum  profile  can  cause  a dramatic  decrease  in  bandwidth.  It  is  of  considerable 
Importance  to  predict  the  bandwidth  of  fibres  from  a knowledge  of  the  refractive  index 
profile  and  source  geometry. 

The  purpose  of  the  first  part  of  this  paper  is  to  compare  two  computational 
methods  by  which  the  propagation  characteristics  of  a fibre,  hence  the  Impulse  response 
and  system  bandwidth  may  be  determined.  In  the  second  part,  we  shall  describe  a 
computer  program  which  determines  for  a model  of  a LASER  source,  the  excitation  of 
modes  in  an  arbitrarily  graded  refractive  index  fibre. 

2.  Propagation  Characteristics  of  Graded  Index  Fibres 

2.1.  Background 

Fig.  l.a)  shows  the  radial  variation  of  refractive  index  in  a graded 
fibre.  Other  than  for  certain  special  cases,  the  propagation  characteristics  of  the 
modes  cannot  be  determined  by  essentially  analytical  means  and  resort  must  be  made  to 
numerical  techniques.  In  1970,  Clarrlcoats  and  Chan(l)  proposed  the  replacement  of  the 
continuous  profile  by  a staircase  approximation,  as  shown  in  Flg.l.b).  They  were  then 
able  to  compute  the  propagation  coefficient,  group  velocity,  etc,  by  treating  the  fibre 
as  if  it  were  a multilayer  dielectric.  For  the  case  of  a fibre  with  a truncated 
parabolic  refractive  index  profile,  their  results  agreed  precisely  with  those  obtained 
by  an  analytic  method  developed  by  Kirchhoff (2) . However,  in  1975  Arnaud  and  Mammel  (3) 
described  results  of  an  alternative  numerical  method  of  solution  and  challenged  the 
reliability  and  usefulness  of  the  staircase  approximation  for  studying  practical  fibres. 

Subsequently  Bianclardl  emd  Rlzzoll  (4)  have  described  an  Improved  computational 
method  for  solving  the  staircase  approximation  of  Clarrlcoats  and  Chan  (1)  but  they  have 
left  open  the  question  as  to  whether  the  method  is  more  efficient  than  that  of  Arnaud 
and  Mammel  (3)  in  its  use  of  computer  time.  In  the  next  section  we  describe  briefly  the 
two  methods  and  compare  results  which  we  have  obtained  and  which  appear  to  demonstrate 
the  superiority  of  the  numerical  integration  method. 

2.2.  The  Determination  of  Propagation  Characteristics  using  the  Staircase  Approximation 

In  the  original  method  of  solving  the  propagation  problem  using  a staircase 
approximation,  Clarrlcoats  and  Chan  (1)  used  the  exact  vector  Helmholtz  differential 
equation  to  represent  the  fields  in  each  of  the  layers  shown  in  Flg.l.b).  Subsequently 
many  authors  have  demonstrated  that  when  the  refractive  index  difference  between  layers 
is  small,  a scalar  approximation  leads  to  accurate  solutions  in  the  case  of  step 
refractive  index  profiles.  Thus,  following  Bianclardl  and  Ritzoll  (4),  we  have  used  a 
scalar  differential  equation  to  represent  the  field  in  the  p^^  cylindrical  region i 


Equation  1 leads  to  solutions  of  the  form 


cosm4 

X p ■"  p P " P 


When  6*><»*e  I_(k  r)  and  K (k  r)  replace  J_(K  r)  and  Y.,(K  r)  respectively. 

pORip  nip  Vip  nip  * 

In  the  Interior  region  p ~ 1 and  Bi  • 0 while  In  the  cladding  region.  An  * 0. 
Similar  equations  apply  to  the  linearly  polarised  transverse  magnetic  field 
components . 
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Our  objective  is  to  obtain  the  propagation  coefficient  6.  Continuity  of  E,(  and 
each  cylindrical  boundary  yields  2(N-1)  Independent  equations.  This  leads  to  a 
equation  of  the  form 
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(3) 


where  [D]  Is  a (2N-1)  (2N-1)  square  matrix  containing  Bessel  functions,  their  derivatives 
and  unfilled  elements  ,{x}  Is  a one  dimensional  vector  of  (2N-1)  arbitrary  constants. 

For  a non-trlvlal  solution  the  determinant  of  [D]  must  vanish.  To  obtain  a solution, 
the  characteristic  matrix  Is  first  transformed  Into  an  upper  triangular  matrix  by 
Gaussian  elimination  so  that  Its  determinant  Is  ultimately  given  by  the  product  of  the 
diagonal  elements.  By  this  procedure,  and  utilizing  the  sparse  nature  of  the  matrix, 
the  computing  time  Is  proportional  to  the  number  of  layers  N,  In  contrast  with  the 
method  originally  deployed  by  Clarrlcoats  and  Chan  (1). 

A flow-diagram  for  the  program  to  compute  the  normalised  propagation  coefficient 
7,  the  normalised  group  velocity  Vg  Is  shown  In  Fig. 2.  T2d>le  1 lists  the  data  required 
to  run  the  progr^un. 

Experience  shows  that  quite  accurate  starting  values  are  required  If  the 
program  Is  to  run  successfully.  These  are  obtained  from  a knowledge  of  starting  values 
of  0 obtained  either  for  a homogeneous  core  profile  or  for  an  unbounded  parabolic 
profile.  Beginning  with  one  or  other  of  these,  the  profile  Is  gradually  deformed  until 
It  ultimately  corresponds  to  that  of  the  given  distribution. 

2.3.  The  Determination  of  Propagation  Characteristics  from  a Numerical  Solution 

of  the  Differential  Equation 

Following  Arnaud  and  Mammel  (3),  we  convert  equation  (1)  to  a pair  of  first- 
order  differential  equations  thus  : 


a?"  “ " ""‘'o^ 


gj-  - rA(r)4,^  - (5) 

where  <i(r)  Is  the  r-dependent  part  of  In  equation  (1)  and, 

i|;(r)  - r%^(r)  (6) 

K(r)  - r"^j,(r)  (7) 

The  Initial  conditions  at  r«o  are 
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At  the  core-cladding  boundary  r^f 
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where  W » - B“)^r^ 


The  above  first  order  differential  equations  are  solved  using  a 4^^-order 
Runge-Kutta  procedure.  Trial  values  of  w are  Iterated  until  the  boundary  conditions 
are  satisfied  to  within  a prescribed  tolerance.  The  flow-diagram  for  the  program  Is 
shown  In  Fig. 3.  The  Input  data  differs  from  that  of  Table  1 only  In  that  the  number  of 
Integration  points  replaces  the  number  of  layers  used  In  the  staircase  approximation. 

2.4.  CoBiparlson  of  the  Methods 

To  effect  a comparison,  (we  have  determined  7 and  Vg)  by  the  two  methods  of 
computation.  We  have  also  Investigated  both  the  convergence  of  the  ed}Ove  quantities  as 
a function  of  the  number  of  layers, or  points  selected  In  the  model  and  the  corresponding 
mill  time  on  an  ICL  1904  S computer.  We  have  conducted  comparisons  for  a number  of 
representative  modes  of  a parabolic  Index  fibre.  The  results  of  this  study  are  contained 
In  Figures  4-7. 

The  results  show  clearly  that  for  LPom  >nodea  the  advantage  lies  with  the  method 
by  «fhlch  the  differential  equation  Is  solved  numerically  (direct  method)  when  conver- 
gence Is  obtained  In  an  order  of  magnitude  less  time  than  for  the  stratification  method. 
For  higher- order  modes,  convergence  using  the  direct  method  requires  more  points  than 
layers  In  the  stratification  method  but,  as  Fig. 4 shows,  the  time  taken  to  obtain  a 
solution  for  a point  Is  smaller  by  more  than  one  order  of  magnitude  than  for  a layer, 
so  again  the  direct  method  appears  more  efficient. 
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3.  Excitation  of  Modes  In  a Graded  Index  Fibre 

The  configuration  under  study  for  modal  excitation  Is  shown  in  Fig. 8. a)  while 
Flg.e.b)  shows  the  electric  field  assumed  for  the  laser.  The  Investigation  extends  the 
earlier  work  of  Clarrlcoats  and  Chan  (5)  who  determined  the  modal  excitation 
coefficients  when  a uniform  cylindrical  region  of  excitation  impinged  on  the  end  of  a 
homogeneous  fibre.  In  the  present  extension,  the  shape  of  the  laser  cross-section  can, 

In  principle,  be  made  arbitrary  and  the  fibre  refractive  Index  profile  Is  not  restricted. 

The  calculation  of  the  modal  amplitudes  follows  closely  the  method  described 
previously  by  Clarrlcoats  and  Chan  (5)  and  only  an  outline  is  presented  here. 

Fig. 9.  shows  the  cross-section  of  the  fibre  end.  As  a first  step  the  modal 
fields  are  obtained  following  the  procedure  of  section  2.  The  laser  field  Is  assumed 
to  have  gausslan  variations  In  x and  y directions  as  shown  in  Flg.S.b).  The  field  over 
the  end  of  the  fibre  excited  by  the  lasei;  Is  expanded  in  terms  of  the  normal  modes  of 
the  graded  fibre  and  the  coefficients  calculated  after  application  of  orthogonality 
Integrals.  Fig. 10  contains  a flow-diagram  for  the  program  "Excitation”,  while  Table  2 
specifies  the  data  required.  Use  Is  made  of  the  program  of  section  2 In  order  to  obtain 
the  power  flow  and  field  distribution  of  the  modes.  An  Integral  which  effectively  forms 
the  convolution  of  the  laser  field  with  that  of  the  modal  field  Is  evaluated  by  numerical 
Integration  using  a 5 point  Bode  rule. 

The  program  has  been  verified  for  known  cases  and  excitation  coefficients  are 
being  computed  for  lower  order  modes  of  graded  Index  fibres  and  for  various  laser 
configurations . 

4.  Conclusions 

The  paper  has  described  two  computational  methods  for  determining  the 
propagation  characteristics  of  an  arbitrarily  graded  Index  fibre.  Coti^arlson  of  the 
methods  on  an  ICL  1904  S computer,  shows  that  the  method  which  employs  numerical 
Integration  of  the  scalar  differential  equation.  Is  superior  to  the  stratification 
technique. 

Program  details  are  given  each  method  also  for  the  determination  of  modal 
excitation  when  a laser  Illuminates  the  fibre  end. 
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FIG.  8(b)  TRANSVERSE  LASER  FIELD  VARIATION 
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SUmiAHY 


A method  Is  described  which  utilizing  ray  tracing  technlq.ue  and  modal  rela- 
tions allows  to  evaluate  the  dispersion  character Is tics  of  multimode  optical  fibers 
with  various  refraction  Index  distributions.  The  possibilities  offered  by  the  method 
are  shown  by  application  to  fibers  with  index  distribution  ranging  from  the  quasi  step 
to  the  quasi  parabolic  shape.  Then  the  method  is  applied  to  oases  of  practical  inte- 
rest such  as  ring  profiles  and  graded  index  profiles  with  a central  dip. 

Dispersion  equalization  properties  are  observed  for  some  types  of  ring  profiles,  while 
the  effect  on  the  dispersion  due  to  a central  dip  in  a graded  profile  is  examined  by 
varying  the  depth  and  width  of  the  dip. 

1 . INTRODUCTION 

Dispersion  of  multimode  fibers  with  continuously  varying  refractive  index 
can  be  investigated  either  by  geometrical  optics  or  by  wave  optics.  We  set  up  a nume- 
rical method  which  utilizing  ray  tracing  technique  and  modal  relations  allows  to 
evaluate  the  dispersion  characteristics  of  multimode  fibers  with  different  index  pro- 
files. 

The  feasibility  and  limits  of  validity  of  the  method  were  first  proved  by 
application  to  lossless  slab  waveguides  and  by  comparing  the  results  with  those  obtai- 
ned from  the  analytical  solutlcn  of  the  wave  equation  in  the  case  of  a particular 
index  profile  (Scheggl,  A.M.,  et  alii,  1975).  The  method  was  then  applied  to  slab 
waveguides  having  a transverse  index  distribution  varying  from  the  nearly  parabolic 
to  the  quasi  step  shapes  (Scheggl,  A.M.,  et  alii,  1975}  and  finally  extended  to  cylin- 
drical fibers  with  the  same  radial  index  distributions  (Checcacci,  F.F. , et  alii, 

1975). 

nie  method  constitutes  a valid  tool  for  evaluating  dispersion  characteristics 
of  multimode  fibers  with  different  index  profiles  and  presents  a practical  Interest 
because  it  can  be  applied  for  designing  fibers  with  optimum  characteristics  as  well  as 
for  performance  predictions.  Further,  as  it  will  be  seen  in  the  sequel,  it  allows  to 
point  out  the  existence  of  "tunnelling”  or  "leaky"  modes  which  are  not  easily  predi- 
ctable by  solely  applying  either  mode  theory  or  geometrical  optica. 

The  present  paper  is  concerned  with  the  description  of  the  method  and  with 
its  application  to  practical  oases  such  as  ring  shaped  profiles  and  nearly  parabolic 
profiles  with  a central  depression.  Fibers  with  ring  index  profile  can  present  some 
Interest  for  their  particular  dispersion  characteristics  (Glogo,  D.,  et  alii,  1973; 
Stolen,  R.H. , 1975;  Neikahara,  T. , et  alii,  1976)  while  graded  index  fibers  with  a 
central  depression  resemble  more  closely  the  profiles  obtained  in  practice  in  the  pro- 
duction of  preforms  by  C.V.D.  technique.  Such  a depression,  urtiioh  is  usually  conside- 
red to  be  a defect  (Burrus,  C.A.,  et  alii,  1973)  is  a common  phenomenon  occurring 
during  the  collapse  process  due  to  evaporation  of  the  dopant  in  correspondence  with 
the  central  region  of  the  preform.  In  this  work  two  types  of  ring  profiles  will  be 
examined,  precisely  quasi  step  and  quasi  parabolic  profiles  with  different  central 
depressions.  Finally  the  effect  on  the  fiber  dlsperaion  of  a central  dip  of  various 
sizes  in  a quasi  parabolic  index  distribution  will  be  Investigated. 

2.  DRSCRIFTION  OF  THE  METHOD 

It  is  well  known  that  ray  optics  technique  is  an  effective  tool  for  studying 
complex  propagation  and  diffraction  problems  of  high  frequency  waves  in  terms  of  local 
plane  waves  and  their  associated  trajectories  (the  ray  paths).  In  regions  exterior  to 
the  sources  and  in  a regime  where  the  properties  of  the  medium  change  slowly  over  a 
distance  equal  to  the  local  wavelength,  high  frequency  fields  oan  be  expressed  in 
terms  of  local  plane  waves  of  the  form  A(r)  exp  CikoS(r)l  where  A and  S are  spatially 
dependent  amplitude  and  phase  functions,  respectively,  and  ko  is  the  wave  number  in 
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vacuum.  The  phase  function  S is  obtained,  by  solution  of  the  elkonal  ei^uatlon  (Felaen, 
L.B.,  et  alll,  1973) 

1) 


(7S)2  - n2(?) 


where  r la  the  radius  vector  and  n la  the  refractive  Index,  which  must  satisfy  the  con- 
dition that  Its  relative  variation  Is  small  In  comparison  with  the  local  wavelength 
or  In  other  terms 


. y n I /nk  ^ 1 
o 


\ - 2-tt/Ao 
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The  local  plane  waves  propagate  along  trajectories  that  are  tangent  to  VS. 
'Rie  amplitude  function  A can  be  determined  from  a transport  equation  but  will  be  not 
considered  In  this  paper. 

Starting  from  the  elkonal  equation  1 ) It  la  possible  to  derive  the  ray 

eqiiatlon 

as  as)  = 

where  s represents  the  distance  along  the  ray.  In  a cylindrical  coordinate  system  p, 
^.1  (?lg. 1-a)  and  for  an  Index  distribution  depending  only  on  the  transverse  coordi- 
nate p,  such  equation  can  be  written  In  component  fom 

as  ° 


£ (n  - n,  (5|)  . g 


4) 


d 

as 


as) 


?or  a graded  Index  distribution  the  rays,  which  In  a cylindrical  fiber  are 
nearly  all  skew  to  the  fiber  axis,  are  trapped  by  refraction  and  result  tangent  to  an 
Internal  and  to  an  external  caustic  whose  projections  on  the  normal  cross  section 
(?lg. 1-b)  are  two  circles  of  radii  H-  euid  Rg  respeotlvely . corresponds  to  the  mi- 
nimum distance  from  the  axis  and  io  the  "turning  point".  R^  decreases  for  rays 
less  skew  to  the  axis  and  becomes  zero  In  correspondence  with  meridional  rays. 

In  order  to  evaluate  the  dispersion  characteristics  It  Is  necessary  to  take 
Into  account  the  radial  and  azimuthal  resonance  conditions  (?lg.2)i 

B. 
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6) 


where  /a  and  V denote  two  Integer  numbers  which  Identify  each  mode.  Note  that  In  the 
radial  resonance  condition  a phase  shift  of  17/2  produced  by  each  caustic  has  been 
taken  Into  account. 

Equations  3)  and  6)  can  be  joined  to  give  a modal  dispersion  relation 


7) 


Obviously  when  V ■ 0 such  relation  leads  to  the  transverse  resonance  condition  for 
the  bldlmenslonal  case  (Soheggl,  A.M.,  et  alii,  1973).  Henos  modes  withy*  0,  which 
correspond  to  meridional  rays,  represent  the  modes  of  a slab  waveguide. 

Onoe  the  trajectory  of  a generic  ray  Is  evaliaated  It  Is  possible  to  deter- 
mine through  eqs . 3 ) , 6 ),  for  each  pair  of  values  >u , V , k and  henoe  the  propagation 
constant  /J  ■ k and  the  group  delay  L/e(d^/dk  ) (1®18  the  fibre  length  and  o the 

light  veloolty’ln  vacuo).  ' 


3. 


Q0ASI-3TSP,  QUASI  PARABOLIC  PROFILES 


Let  us  oonslder  a oylindrloal  waveguide  of  radius  a and  an  index  profile  of 
the  fom  (Ikeda,  H. , 1974) 

n - n- 

n(<>)  - n.  + 8) 

^ 1 + exp  [0(  />/a-1  )J 
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irtiloh  for  dlfforont  values  of  the  parameter  C ran^^ea  from  the  quasi  parabolic  to  the 
quasi  step  shape  (Fig. 3). 

After  substitution  of  expression  8)  for  the  index  distribution,  syatesi  4)  has 
been  nuaerioalljr  solved  by  the  Bunge-Kutta-QiU's  method  for  C ■ 40  and  C « 4,  thus 
obtaining  the  ray  trajectories  which  allow  to  evaluate  the  Integrals  representing  the 
resonance  relations  in  explicit  formi 


(^+^)TT  I kj, 


k n sinO  oosO, 
o z 


9) 


f2n 

k^  J n f>  sinO^sinO^  d^  ■ 2TTV 


k n sinO  ainOu. 
o z f 


from  which  k , k > k n cos©  and  X_  are  obtained  for  each  pair  of  values  of/*  and  V. 
note  that  for  a §lvaR  ray  k*  results  alntultaneously  proportional  to/*  (when/c»l/2) 
and  V.  Consequently  once  thS  curves  of/)  and  X versus  k^  are  obtained,  for  a given 
mode,  corresponding  to  a pair  of  values  /*,  V,^the  curves  for  other  modes  can  be  obta^ 
ned  by  the  same  simply  multiplying  the  k scale  by  a constant  factor.  However  in 
plotting  the  results  we  will  use  the  well  known  normalized  Clogs  notations  (Gloge,  Q., 
1971)  that  isi 


2 2 

n^  - Hg 


normalized  frequency 


b ■ ~ "“2^  normalized  propagation  constant 


^ ^gr”  ”2 


normalized  group  delay 


Fig. 4 shows  as  an  example  the  normalized  group  delay  and  propagation  constant  of  a 
set  of  modes  (/*=  10,  0,5,10,25,50,100)  plotted  versus  normalized  frequency  v for 

a quasi  step  index  profile  (C  = 40).  For  large  values  of  v,  /i  tends  to  k^n^  while  b 
and  d(vb)/dv  tend  to  1;  at  cut  off  whore  ft  = ^ while  d(vb)/dv  4 0 and 

tends  to  zero  for  V**0.  The  cut  off  condition  (/^=  ’'p^o^  corresponds  to  a launching 
angle  with  the  generatrix  © = arcosCng/n^)  = © , which  constitutes  the  cut  off  angle 
that  is  the  angle  below  which  the  rays  (and  th§  corresponding  modes)  remain  trapped. 
However  it  turns  out,  from  the  computations,  that  for  ©2^  ©ci  assume  negative 

values  corresponding  to  ft*,  n.k  and  the  rays  remain  still  trapped  before  being  comple- 
tely radiated  outside  the  fiber.  They  constitute  the  so  called  "leaky  or  tunnelling 
rays"  (Uarcuse,  D. , 1973;  Snyder,  A.W. , 1974).  Such  rays  (and  the  corresponding 
modes)  propagate  in  the  fiber  but  with  attenuation,  because  they  undergo  an  optical 
tunnelling  through  an  evanescent  region  beyond  which  they  emerge  as  external  radia- 
ticn.  Modes  with  V ■ 0 which  correspond  to  meridional  rays  do  not  present  the 
tunnelling  regions. 

Analogous  dispersion  curves  for  the  same  set  of  modes  are  shown  in  Pig. 5 
for  the  quasi  parabolic  profile.  As  it  was  to  be  expected  the  dispersion  in  this  case 
is  very  low.  The  three  trapping,  tunnelling  and  radiating  regions  are  present  also 
here,  but  the  tunnelling  region  results  reduced  with  respect  to  the  preceding  case. 

The  propagation  in  the  three  regions  can  be  also  examined  by  plotting  the 
sqxiare  magnitudes  of  the  various  components  of  the  wave  vector  k as  a function  of 
the  radial  coordinate^  (©logs,  D. , et  alii,  1973).  Fig. 6 shows  such  a plot  for  the 

quasi-step  profile  (C  ■ 40)  and  for  the  quasi-parabolic  profile  (0  > 4)  for  the  mode 

fKm  10, Vw  50  and  for  three  values  of  v chosen  in  the  trapped,  tunnelling  and  radia- 
ting regions  respectively.  In  the  first  case  (v  * 89)  the  curve  intersects  the 

curve  k^^2(f)  at  two  points  f and  ^*32  where  k^  ■ fhQ^^(p)- 

For  < p < B2  k^  is  real  and  propagation  occurs  in  the  anular  region  defined  by  the 
two  caustics  of  radii  R^  and  R2  respectively.  For  f*R‘),  f*^2t  imaginary  and 

the  field  is  evanescent.  In  the  second  case  (v  a 69  for  the  quasi-step  profile  and 

V ■ 75  for  the  quasi-parabolic  profile)  the  curves  intersect  also  at  a third  point 
for  p ■ Rj  «diere  again  k^  ■ 0;  Itp  la  real  for  Ri*f*  P * R3  is  imaginary  for 
F*R^,  R2<'P<R3.  R3  represents  the  radius  of  a third  oaustlo  and  defines  an  evane- 
scent region  through  irtilch  the  mode  energy  tuiuiells  before  re-emerging  (tor  p > B,) 
as  free  radiation.  In  the  third  case  (v  > 54  for  the  quasi-step  profile  and  v » 70 
for  the  quasi-parabolic  profile)  only  one  intersection  occurs  at  ^ > R^  and  kp  is 
imaginary  for  or  real  for  F>R^.  The  field  is  evanescent  within  the  caustic 

and  radiating  external  to  that.  Rote  that  the  values  chosen  for  v in  the  tunnelling 
and  radiating  regions  are  different  for  the  two  profiles  because  the  tunnelling 
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region  In  the  q^uaal-parabollc  case  is  narrower;  in  fact  the  two  curves  V /p  and 
are  almost  x>urallel  when  p increases  (p>R2)  so  that  their  crossing 
occurs  only  in  a restricted  range  of  frequency  after  which  the  tunnelling  region 
disappears. 

The  behavior  of  the  oaustios  bounding  the  trapping  region  for  the  different 
modes  can  be  easily  obtained  from  the  ray  tracing  computations.  Flgs.7-a,b  show  the 
radii  R'f  and  R^  of  the  two  caustics  for  modes  with  different  azimuthal  numbers  plot- 
ted versus  v for  the  two  examined  profiles  which  are  sketched  at  the  right  hand  side. 
In  the  quasi-step  case  (Plg.7-a)  the  internal  caustics  are  spaced  depending  on  the 
azimuthal  number  V . On  the  contrary  the  external  caustics  are  all  concentrated  in 
correspondence  with  the  high  index  gradient  at  the  boundary  of  the  fiber.  Consequen- 
tly the  regions  bounded  by  pairs  of  caustics  corresponding  to  different  modes  have 
different  widths,  so  that  the  ray  paths  and  hence  the  optical  paths  (as  n is  constant) 
result  different  with  a consequent  large  differential  group  delay.  Ror  the  quasi 
parabolic  case  (?ig.7-b)  also  the  external  caustics  are  spaced  due  to  the  low  gradient 
of  the  index,  so  that  the  bounded  regions  exhibit  the  some  behavior  with  the  frequen- 
cy for  the  different  modes.  Further  when  V increases  such  zones  are  shifted  towards 
a region  of  lower  index;  as  a consequence  the  ray  paths  increase  with  V but  the 
optical  paths  result  again  practically  equal  for  the  different  modes  and  the  group 
delay  differences  very  small. 

4.  RING  SHAPED  PROFILES 

4e  considered  two  sots  of  ring  shaped  profiles:  quasi-step  and  quasi-para- 
bolic ring  profiles  with  variable  dimensions  of  the  central  region  (Fig.8). 

In  both  cases  we  utilized  the  index  distribution  given  in  expression  8)  with  suitable 
modifications.  For  what  concerns  quasi-step  index  profiles  we  considered  the  case 
corresponding  to  C • 40  modifying  the  central  region  by  means  of  an  analogous  but 
reversed  profile  (Fig.8-a).  The  quasi-parabolic  ring  was  obtained  by  joining  two  iden- 
tical profiles  corresponding  to  C = 4 in  expression  8)  and  varying  the  distance  21 
between  the  vertexes  of  the  two  profiles,  which  on  turn  implies  a variation  in  the 
depth  of  the  central  depression  (Fig.8-b).  By  applying  the  method  precedingly  descri- 
bed the  propagation  constant  and  group  delay  were  evaluated  in  a number  of  cases. 

Fig. 9 shows  the  group  delay  curves  plotted  veraus  frequency  for  a feunily  of  modes 
(r=  10,  V=  1,5,10,25,50)  in  throe  cases  corresponding  to  different  values  of  the 
central  depression  width  2a^  and  depth  d.  The  case  of  quasi-step  profile  is  also 
reported  for  comparison.  The  most  relevant  effect  is  the  equalization  of  dispersion 
for  a number  of  modes.  When  the  width  2&^  decreases  the  number  of  equalized  modes 
decreases  and,  if  for  a fixed  value  of  2ai  the  depth  d decreases,  such  modes  result 
still  equalized  but  only  down  to  a certain  frequency,  below  which  the  dispersion  in- 
creases again.  This  effect  can  be  better  understood  if  one  observes  the  behavior  of 
the  caustics  defining  the  region  of  trapping  for  the  propagating  rays  or  modes.  The 
radii  R.  and  Rj  of  the  Internal  and  external  caustics  respectively  have  been  plotted 

in  Pig. 10  versus  v for  the  four  cases  shown  in  Fig. 9.  The  corresponding  profiles  are 

plotted  at  the  right  hand  side.  In  the  cases  cf  maximum  depth  (d  = n';-n2)  one  can 
ebserve  in  correspondence  with  the  internal  step  of  the  index  6in  overlapping  of  all 
those  caustics  which  in  the  absence  of  central  depression  are  located  just  in  that 
region,  so  that  the  modes  remain  confined  in  a small  region,  that  is  in  the  anular 
region  between  the  In^'-nal  amd  external  steps  of  the  index.  The  corresponding  opti- 
cal paths  result  equalized  with  reduction  of  group  delay  differences.  'When  the  depres- 
sion depth  decreases  the  internal  caustics  still  overlap  but  only  down  to  a certain 
value  of  V below  which  the  rays  can  a.-^ln  penetrate  the  central  region  with  a conse- 
quent spreading  of  the  caustics  and  hence  of  the  dispersion.  The  group  delay  curves 

are  shown  in  Fig. 1 1 for  the  same  set  of  modes  in  two  oases  of  quasi-parabolic  ring 
profiles.  These  profiles  are  inferior  from  the  dispersion  equalization  point  of  view 
with  respect  to  the  quasi-otep  ring  profile.  This  was  to  be  expected  if  one  thinks  in 
terms  of  location  of  the  caustics,  irtiich  in  this  case  cannot  result  concentrated 
neither  in  the  vicinity  of  the  internal  dexiresslon  nor  at  the  boundary  of  the  fiber 
due  to  the  slow  index  gradients. 

5.  QUASI-PARABOLIC  PROnLS  .TITH  A CENTRAL  DIP 

To  the  irurpooo  of  examining  the  effect  on  the  dispersion  characteristics  of 
a central  dip  in  a graded  prefile  we  applied  again  our  numerical  method  to  a quasi- 
parabolic  profile  (C  = 4 in  expression  8),  whore  the  central  region  is  matched  with 
a curve  of  the  typo  sin  x/x  (Fig. 12).  A plot  of  the  normalized  group  delay  versus  v 
is  shown  in  Fig. 13  for  three  different  oases  corresponding  to  different  values  of  the 
depth  d and  width  w of  the  .central  depression.  Also  here  the  case  of  graded  profile 
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without  central  dip  in  shown  for  comparison.  The  dispersion  increases  when  either 
d or  w Increase,  and  the  number  of  perturbed  modes  increases  with  w.  Again  this 
effect  can  bo  better  seen  if  one  observes  in  Pig. 14  the  behavior  of  the  caustics. 

Per  the  sake  of  simplicity  only  the  oaustics  corresponding  to  the  most  perturbed 
modes  are  shown.  The  continuous  line  correspond  to  the  depressed  profile  while  the 
dashed  lines  correspond  to  the  unperturbed  profile.  As  already  noted  in  section  3. 
in  the  case  of  a graded  profile  the  zones  defined  by  the  caustics  present  a width 
I varying  with  frequency  in  the  same  way  for  the  different  modes  but  shifted  vdien 

increases  towards  lower  index  regions  so  that  the  optical  paths  result  practically 
equal  with  consequent  minimum  group  delay  differences.  In  the  presence  of  a central 
depression  such  regions  tend  to  overlap  when  the  frequency  varies  down  to  a certain 
value  of  V below  which  there  la  a spread  of  the  caustics  with  a differentiation  in 
the  bounded  region  widths.  As  a consequence  the  optical  paths  and  hence  the  group 
delays  result  equalized  in  the  overlapping  region,  although  presenting  a value  diffe- 
rent from  the  previous  unperturbed  one,  due  to  the  different  index  region  occupied. 

The  group  delays  resxilt  differentiated  for  the  different  modes  in  correspondence 
with  the  region  of  caustic  spreading.  Obviously  the  effect  is  less  evident  for  smaller 
depressions.  In  order  to  have  an  idea  of  the  orders  of  magnitudes  let  us  consider  a 
fiber  with  n^  = 1.46  ng  = 1.45  and  having  a diameter  2a  of  50 

!Kible  1 shows  the  values  of  the  dispersion  obtained  from  the  curves  of 
Pig.  14  at  a wavelength  A = 1 


n^  = 1.46  ; 

Ug  = 1.45  : 20  = 50  pm  ; X = 1 pm 

d/(n^-  ng) 

yf/2aL 

dispersion  (ns/km) 

0 

0 

0.6 

0.25 

0.1 

0.9 

0.9 

0.1 

1.2 

0.9 

0.2 

1.9 

These  values  indicate  that  there  is  an  Increase  of  the  dispersion  due  to  the  central 
dip  in  the  index  profile;  however  the  case  of  minimum  depression  we  considered  is 
closer  to  realistic  cases  and  gives  rise  to  an  Increase  in  dispersion  which  may  be 
negligible  especially  if  one  takes  into  account  also  the  material  dispersion  which 
in  the  present  treatment  has  not  been  considered. 

6 . CONCLUSION 

The  results  described  in  the  preceding  sections  have  shown  that  the  repor-  < 

ted  method  whose  feasibility  had  previously  been  shown  (Scheggi,  A.M.,  et  alii,  1975) 
is  suitable  for  application  to  a variety  of  index  profiles.  In  particular  it  was 
possible  to  examine,  from  the  dispersion  point  of  view,  types  of  profiles  which  find 
interest  in  the  practice,  such  as  ring  profiles  and  graded  profile  with  central  de- 
pression. The  most  relevant  results  are  that  ring  profiles  present  equalizing  proper- 
ties, while  a central  dip  in  a graded  profile  can  affect  differently  the  dispersion 
depending  on  the  width  and  depth  of  the  dip  Itself.  With  dimensions  closer  to  reali- 
stic cases,  such  as  obtained  with  good  CVC  preform  production  process,  the  dispersion 
Increase  can  be  neglected, also  in  comparison  with  the  material  dispersion. 
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Normalized  group  delay  d(vb)/dv  and  propagation  constant  b versus  norma 
llzed  frequency  v for  a sot  of  modes  (/*■  10, 0,5,10,25,50,100)  for 
a quasi-step  index  profile  (C  > 40). 


Normalized  group  delay  d(vb)/dv  and  propagation  oonatant  b versus  noma' 
llzed  frequency  v for  a set  of  modes  10, V=  0,5,10,25,50,100)  for 

a quasl-parabollc  Index  profile  (C  = 4). 


Sketch  defining  trapped,  tunnelling,  radiating  regions  for  particular 
examples  for  the  quasl-step  (C  > 40)  and  quasl-parabollc  profile  oaaea 
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Nonoallzed  group  delay  plotted  veraua  nomallzed  frequency  for  a set 
of  Qodes  10,  Wk  1,5f  10,25,50,100)  and  for  two  oases  of  quasi- 

parabollo  ring  profile!  1 ■ a-1  (upper),  1 ■ 2(a  - 1)  (lower). 
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SUMMARY 

The  propajtation  in  a multimode  ootical  fiber  of  a finite- bandwidth  ootical  carrier 
modulated  by  a nonstationary  signal  is  investi^ted.  The  fluctuations  of  the  field  due  to 
random  mode-eounling  are  considered  and  the  set  of  counled  enuations  describing  their  evo_ 
lution  is  derived.  In  particular,  this  allows  us  to  investigate  the  oropa/ration  of  a fre_ 
queney-modulated  sipial  and  to  obtain  a general  theorem  conceminjr  the  asymototic  behavior 
of  mode-power  fluctuations. 

1.  IlfTRODUCTIOW 

The  propai^tion  of  a stationary  monochromatic  carrier  in  a multimode  optical  fiber 
in  the  presence  of  mode-coupling  has  been  extensively  studied  by  Marcuse  (1),  in  the  fra_ 
me  of  a statistical  approach  based  on  the  introduction  of  an  ensemble  of  similar  fibers 
slightly  differing  from  a common  ideal  structure  for  the  oresence  of  random  imperfections. 
The  procedure  allows  one  to  write  two  closed  systems  of  differential  coupled  equations  for 
the  single-mode  powers  averaged  over  the  ensemble  of  fibers  < P ^ and  for  the  correlati_ 
ons  <P  P > (1),(2).  The  extension  to  the  nonstationary  nonmanochromatl  c case  has  been 

aceomplTsRed,  for  what  concerns  the  average  powers  <P  ^ , on  an  intuitive  basis  by  Mar_ 
euse  (1)  and  by  means  of  more  rigorous  treatments  by  pSrsonick  (1)  and  Steinberg  (4). 

Me  generallae  the  statistical  approach  to  furnish  the  evolution  of  the  quantities 

< e (s,<0  )c*(b,  u}')  > and  < c_(b,  60)e*(z,  oi  ')  c (s,  tO"')c»(e,  a)  > . where  the  c *s 
■ r m n r K m 

are  the  slowly  varying  mode-amplitudes  and  the  bar  denotes  the  averaging  operation  over 

the  Bouros  fluctuations.  The  knowledge  of  these  quantities  allows  us  in  turn  to  describe 

the  behaviour  of  the  field  and  of  its  fluctuations  in  the  general  situation  in  which  a fi_ 

nite-bandwidth  carrier  is  amplitude  or  frequency-modulated. 

An  other  significant  result  concerns  the  asymptotic  behavior  of  the  single-mode  po_ 

war  fluctuations,  which  tend  to  vanish  as  a consequence  of  the  finite  carrier-bandwidth, 

so  that,  in  the  lossless  case,  power  eoui partition  among  modes  takes  place  not  only  on  the 

average,  but  over  each  fiber  of  the  ensemble  (5). 

2.  DB3CRIPTI0W  OP  eLECTROMAGlfBTIC  PROPAGATIOW  IB  A FIBER 

The  transverse  part  of  the  electric  and  magnetic  fields  excited  in  a fiber  by  means 
of  a finite- bandwidth  source  can  be  approximately  written  in  terms  of  the  forward  traveling 
guided  modes  E . H as  (1) 

iWt  - i fi)_(^0)E 

. du)  , (1) 


Itot  - i & (a))B 

e ' ■ d«0  , (2) 


mhere  r and  s are  the  transverse  and  longitudinal  coordinates,  ^ ^ ) represents  the  pro. 

pagatlM  constant  of  tho  mth  node  at  the  (angular)  frecuency  ,"and  the  realistic  rela_ 

tloa  betwson  tho  bandwidth  S<0  and  the  central  frequency  oi  of  the  signal  ~ 

o 

allows  one  to  evaluate  the  node  configurations  E_(r,a))  and  H (r,<0)  at  cj..  The  s-depen 


B(r,s,t)  ■ ^ I o^(b,40] 

R(r,B,t)  - ^ Si,(E»<0^)  f o^(B,a)] 
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dence  of  the  elowly-varytnr  mode  amolltudee  c te  eesoclated  with  the  departure  of  the  fi 
her  structure  from  the  Ideal  one  to  which  the"conft^rat1  one  E , H certain.  The  electro  ~ 
rnametle  power  carried  throu^  an  arbitrary  portion  of  area  <r“"of'^ny  riven  fiber  section 
e - const,  can  be  expressed  in  terms  of  the  complex  Poyntinr  vector  S (6) 


S - i E X H-  . (4i 

where  the  bar  indicates  the  averarinr  operation  over  the  source  fluctuations,  as 


P « Re  e . S dr 
— * — — 


(5) 


Here  "Re"  means  "real  part  of"  and  e is  the  unit  vector  in  the  positive  s-direc 
tion.  By  means  of  Eos.(l),(2)  and  (4),  Eq.Tf)  yields  ~ 

P*’(*,t)  - i 21  H O*.*’  . (6) 

m r 

r , , ( f i(u).  (OMt-iffl  (co)-/i  (ool* 

I'll  E^(r.60o1xH;i(r,(0^).e^  JdtO  d W e M®  I r -J  . 


where 

* 

mr 


(7) 

The  total  power  carried  by  the  field  is  obtained  by  interratinr  e.S  in  Eo.(5) 
over  the  whole  plane  z * const.  . This  operation  furnishes,  with  the  helo~Sf~ the  ortho 
ronality  relation  between  the  modes  (1)  “ 

>oo  f * to 


•J*  Uy  - ? pS 


mn 


•"to  -to 

where  P is  a positive  normalization  constant  and  S is  the  usual  Kronecker  symbol. 

nni  ' 


where 


P|ij(z,t)  - P ld<0 


d iO*  e 


m 


(8) 


(9) 


Km)  - u)')t  - i 


c (z,  MJ)c"(z,tt)*) 

In  III 


(10) 


can  be  interpreted  as  the  power  carried  by  the  mth  mode.  It  is  worthwhile  to  note  that 
the  interference  terms  between  the  various  modes  disappear  in  the  expression  of  the  to 
tal  power  P^,  while  they  are  present  in  that  of  P . 

)•  STATISTICAL  DESCRIPTION  OP  PROPAGATION 


The  random  nature  of  the  imperfections  unavoidably  present  in  a real  fiber  su^^ests 
some  statistical  procedure  as  the  most  natural  way  for  describing  the  prona^tion  in  opti 
cal  fibers.  This  is  accomplished  by  introducing?  an  ensemble  of  similar  fibers,  each  of  ~ 
Which  differs  from  a common  ideal  model  for  the  presence  of  random  imperfections,  and  to 
evaluate  the  average  of  the  si^mlficant  ouantitiea,  e.p:.  w*",  P and  P , over  this  ensem 

ble,  which  In  turn  Is  eoulvalent  to  consider  < c (z,M)  >e"(z,  a)')>  as  the  baste  ouantitv 

In  order  to  test  the  relevance  of  thi s approach  for  what  concerns  practi cal  si tua 
tions,  in  which  a e1np:le  fiber  Is  usually  employed,  one  has  to  investi^te  the  stattsti  ~ 
cal  fluctuations  around  the  averare  values  This  leads  to  consider  hipher  order  averages 

of  the  kind  < c (z,  <0)e"(z,  a)*'  c (z,  iJ")c»(z,aJ'")^,<  c (z,(J)e"(z,fj*1  c (z,(0")c"<z,6)"*  )>. 

* oir  mrriB^ 

One  starts  from  the  system  of  eouations  deserlbinf  the  evolution  of  the  c 's  in  the 
sin^rle  fiber,  which  reads  (l)  ™ 


de^(z,u)) 

dz 


A^(z,M))  e^(z,W) 


(11) 


with 
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(12) 


the  K . *8  beliiK  suitable  coupling  coefficients,  vanishing  in  the  case  of  an  ideal  fiber. 
By  using  En.(11)  one  can  easily  derive  the  following  eauations 

c»(s,  u)*)c^(»,U))  1*  ^ c»(a,  lO  OCj^^s,  O)) 

■*■  ^»)  *)  c^(s,W)c»(*,tJ')  j , (13) 

dj  Lc„(**  <o)c»(r,,  u)')  c^(  z,  tO"'c»(  s,  tO  "*)  ] » 

/ I > W)  c»(e,  (j  •)cj^(z,  (0  ^ c (*,W  ")c»(*,  03*"^ 

♦ A».(z,<«)*)  c ( e,  (»>)c»(  z,  (O’ ) c (e,  U)")c»(b,  u)"*) 

rK  IB  K p n 

♦ A (z,<0")  c*(z,  W"^c  (z,  k>")  c (z,  U3)c»(z,  u^*) 

pK  n K IB  r 

♦ A*.  (z,u)"*)  C (z,  tO")c»(z,(iU'")  C i!z,  6j)c''(  z,  lO’ ) 1 , (I4) 

nK  p K fB  r J 

which  have  to  be  averaged  over  the  fiber  ensemble.  The  resulting  enuations  can  be  c.^t  in 
the  form  of  closed  systems  under  the  homogeneity  assumption 


< K (z)  > - 0 
ffin 

C K (z)K  (z  - 7 ) > - P 
inn  rn  ' 


mnrp 


(1-^1  ) , 


(15) 

(16) 


provided  that  the  coupling  <8  small  enough  that  the  c *8  do  not  significantly  vary  over 
the  correlation  length  of  the  statistical  variables  K . In  this  way  one  obtains  (see  also 
Ref. (7)  ),  as  a first  significant  result, 


< c^(z,W)c»(z,  W)  > - - < C||j(z,u))c»(z,u>’)  > , m / r , 

^ < c (z,tJ  )e*(z,  tO’)  c (z,  u>")c*(z,  u)"')  > ■ 

<32  nr  nr 

- (2r__  ■*■  f ) < c (z,  c»))c»(z,  U’)  c (z,u)")c»(z,*0*")  ;>  , m / r , 

nr  nr  nr  nr 

li  th  t OP  _ 

««r 


(17) 


(18) 
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TOO 


;,(oi7  . 


O 

.r  ee 


and 


-bC  . L/2 

'.r  - 5 ”^,^1  L - 'rr'*']  1 " > 

'lh/2 

The  real  part  of  g^^^  can  be  shown  to  be  a positive  quantity  (7),  so  that 


(19) 


(20) 
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< e > - c (o,(aJ  )e»(0,<J  ')  • ^ 
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vanlah  for  z larfra  enough  ( or  are  Identically  zero  If  they  are  such  at  b«0). 

The  lowest-order  eouatione,  concemlnj:  einf:le-raode  cowers,  read  (see  also  Refs.  (3) 
and  ( 4 ) ) 
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which  constitutes  a closed  set  of  equations. 

The  hi rher-order  terms,  concemin^t  mode-cower  fluctuations  and  mode-mode  correla 
tions,  cannot  be  considered  separately  since  they  form  together  a closed  set  of  equations, 
which  reads 
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4.  SOME  APPLICATIONS 

The  set  of  equations  ^loveming  the  behavior  of  the  average  mode-power  < P (z,t)  > 
can  be  easily  obtained  by  taking  advantage  of  Eos. (10)  and  (23),  thus  fretting  (3)?(4),(7) 

■|^<Pjz.t)>  1 "'mk  tV***’> 

HI  K 


* 1 d £0 


W ■ fa). 


Is  the  grouD  velocity  of  the  mth  mode.  On  the  other  hand,  Eq8.(6),(7)  and  (10)  allow  one 
to  write 

<p‘^(z,t)>  < pjz,t)>  -.1  ZX<*mr>  • 

m m ^ r 

where  the  < P®^z,t)  >.  possess  the  same  space-time  dependence  as  the  < P (z,t)  > . S1n_ 
ce  a frequency  modulation  of  the  signal  does  not  affect  the  -<  P >■  's,  the  dependence  on 
this  modulation  of  < P*’(z,t)'>  Is  contained  In  the  < A®~'> 's, "which  vanish  when  consi_ 
dering  the  power  transmitted  through  the  whole  section  of"Che  fiber.  Prom  Eqs.(7)  and  (17) 
it  follows  that  (7) 

S' 

(z,t)  >w<L  e P(t  - zA  )^*(t  - zA  T , m ^ r , (30) 


-IfaO  t 

P(t)  - E(z-0,t)  e ® . (31) 

Equation  (30)  shows  that  mode-coupling  affects  the  propagation  of  a frequency-mo_ 
dulated  signal  In  an  ensemble  of  fibers  only  for  the  presence  of  a spatial  damping  factor 
characteristic  of  each  couple  of  modes.  More  precisely,  if  one  excites  at  the  fiber  in_ 
put  only  two  modes  m and  r,  all  Interference  terms  but  < A®^'>  vanish  throuf^out  the  fT_ 
ber  (see  Eq.(17)),  while  the  surviving  term  propagates  as  Tfi  the  absence  of  coupling  but” 
for  the  spatial  attenuation. 

The  set  of  Ess. (23)  and  the  set  of.Eqe.(25)  and  (26)  allow  one  In  principle  to  de_ 

termlne  the  quantities  < P (z,t)>  P^(z,t)  > and  <P  (z,t)P  (z,t)  > , and  thus  the 

fluctuations  whose  magnitude  furnishes  a criterion  for  the  applIcSbIlity  of  the  8tati8ti_ 

cal  theory  to  a single  fiber. While  the  general  solution  of  Eos. (25)  and  (26)  is  a formlda_ 

ble  task,  an  Important  particular  result  can  be  obtained.  If  one  Introduces  the  energy 

I (z)  pertaining  to  the  mth  mode 
o 

C"  f ...  . 

“ I P_(z,t)dt  - 2-rrP  c_(e,  <0  )o*(z,fa)  ) dc.)  , (32) 
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It  can  be  shown  (7),  by  means  of  Eos. (25),  that,  under  the  condition 
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QUESTIONS  AND  COMMENTS 
ON  SESSION  IV 


DISPERSION  EVALUATION  IN  MULTIMODE  FIBERS  BY  NUMERICAL  TECHNIQUE:  APPLICATION  TO  RING 

SHAPED  AND  GRADED  INDEX  WITH  A CENTRAL  DIP 
A.  M.  Scheggl,  P.  F.  Checcacci,  R.  Falciai 

Dr.  L.  Felsen:  The  ray  method  employed  in  the  paper  is  equivalent  to  the  WKB  procedure, 
which  is  known  to  be  inaccurate  for  the  very  low  order  modes.  Could  you  comment 
on  how  well  your  results  compare  with  exact  solutions  for  the  low  order  modes  for 
those  special  cases  where  exact  solutions  are  available? 

Dr.  Checcacci:  The  condition  which  must  be  fulfilled  for  the  application  of  the  method 
is  that  |Vn| /kon2<<l.  in  principle  such  a condition  is  not  satisfied  for  very  low 
radial  order  modes.  Comparisons  with  some  special  cases  for  which  the  exact 
solutions  are  available  (see  Scheggi  A.M. , Checcacci  P.F.,  Falciai  R. , 1975 
"Dispersion  Characteristics  in  Quasi-Step  and  Graded  Index  Slab  Waveguides  by 
Ray  Tracing  Technique"  in  Journ.  Opt.  Soc.  Am.  65,  1022)  show  that  the  method  in 
those  cases  is  quite  valid  down  to  modes  with  racial  number  w of  the  order  of  some 
units.  Hence  we  can  surmise  that  for  slowly  varying  index  distributions 
the  method  is  correct  at  least  down  to  modes  having  such  radial  order  numbers. 


« » I ( f - 1 I U 

•nd  providad  that  z exceeds  the  aout partition  diatane#  bayond  which  < I > ■ <'  I > 
tha  following;  relation  holds  * " * 


1 


(34) 


which  impliae  that  the  statistical  uncertainty  of  the  ouantity  1 (z)  over  the  fiber  an 
senbla  is  negligible,  so  that  mode-energy  enui partition  takes  pllce  over  each  fiber.  This 
last  consideration  holds  true  in  the  absence  of  losses  or,  more  in  general,  if  losses  are 
not  effective  over  the  characteristic  length  after  which  80.(34)  is  verified. 
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INJECTION  LASER  TRANSMITTER  FOR  LONG  DISTANCE 
FIBER  OPTICS  COMMUNICATION 


Ernst  Schiel  and  Gerald  Talbot 
US  Army  Electronics  Command,  Fort  Monmouth,  NJ 

Henry  Kressel 

RCA  Laboratories,  Princeton,  NJ 


SUMMARY 

The  design  and  development  of  an  Injection  Laser  Transmitter  for  a tactical 
long  distance  fiber  optics  communication  link  are  described.  The  double  hetero- 
structure GaAlAs  Laser  is  configured  in  a "triple-stripe"  geometry  which  can  feed 
the  optical  output  power  into  a linear  array  of  three  fibers.  The  laser  structure 
was  grown  by  the  liquid  phase  epitaxial  method  and  optimized  for  high  peak  power 
operation  at  a duty  factor  of  ten  percent.  (Average  pulse  repetition  rate  is  10  MHz 
and  pulsewidth  is  10  nsec.)  The  laser  chip  is  mounted  in  a prototype  pill  package, 
which  is  placed  on  a thermoelectric  heater/cooler  keeping  the  operational  temperature 
of  the  laser  at  15°C.  A special  drive  circuit  utilizing  a high  power  field  effect 
transistor  (FET)  in  the  last  stage  was  designed  to  drive  the  laser  at  a peak  current 
of  2 A to  obtain  250  mW  peak  output  power.  Efficient  coupling  into  graded  index 
fibers  was  accomplished  by  lensing  the  fibers  by  a new  technique.  Life  tests  on 
three  lasers  showed  no  degradation  after  7000  hours  of  operation.  The  feasibility 
of  a high  power  injection  laser  transmitter  has  been  proven  by  the  development  of 
an  operational  prototype. 


An  important  military  application  of  Fiber  Optics  Technology  planned  for  a 
long  distance  data  link  which  connects  the  switch  with  a radio  site  in  an  Army 
command  post.  This  full  duplex  data  link  can  extend  to  a maximum  length  of  8 km 
(5  miles)  and  the  repeater  spacing  in  the  presently  used  coaxial  cable  link  is 
0.8  km  (0.5  miles).  Four  parallel  coax  cables  each  carry  approximately  5 Mbits/sec 
for  a total  of  20  Mbits/sec.  The  large  number  of  repeaters  affects  adversely  the 
mean-time  between  failure  (MTBF)  of  the  presently  used  coax  link,  which  is  also  not 
electro-magnetic  pulse  (EMP)  and  electro-magnetic  interference  (EMI)  proof. 

The  design  of  a fiber  optic  link  to  replace  the  coax  link  is  based  on  graduated 
index  fibers  with  low  attenuation  and  dispersion.  Six  fibers  are  packaged  in  the 
fiber  optics  cable,  three  fibers  carry  information  in  one  direction  and  the  other 
three  in  the  opposite  direction. 

To  compensate  for  fiber  and  connector  losses  and  maintain  a high  signal-to- 
noise  ratio,  even  under  adverse  conditions  (high  loss  connector  or  breaking  of  a 
fiber) , a sensitive  silicon  avalanche  photodetector  is  used  in  the  receiver  and  a 
high  power  transmitter  is  also  required. 

A laser  transmitter  was  designed  for  this  special  requirement.  The  same  signal 
has  to  be  launched  into  three  fibers.  Therefore,  a configuration  of  a triple-stripe 
geometry  was  chosen  which  can  feed  power  into  a linear  array  of  three  fibers  (Figure  1). 
Since  there  are  no  stringent  limitations  on  power  consumption  on  the  end  points  of 
this  fiber  optic  (F.O.)  link  (switch  and  radiosite),  the  temperature  of  the  injection 
laser  can  be  stabilized  by  a thermoelectric  heater/cooler. 

The  complete  injection  laser  transmitter  consists  of  the  triple-stripe  laser 
(Lockwood,  H.,  1976),  a high  current  pulse  drive  circuit  and  the  thermoelectric 
heater/cooler,  and  a three  fiber  pigtail  which  leads  to  an  optical  bulkhead  connector 
of  the  modem. 

GaAlAs  double  hetero junction  lasers  designed  for  this  program  combined  the 
following  characteristics: 

(1)  Lasing  emission  at  820  urn  in  the  region  for  low  loss  fiber  transmission; 

(2)  Minimal  beam  divergence; 

(3)  Low  thermal  resistance  to  minimize  the  thermal  gradient  in  the  device; 

(4)  Long  lifetime  (10,000  hours  minimum). 

To  achieve  long  lifetime,  the  laser  is  used  in  pulsed  operation  (pulsewidth 
T 3 10  nsec).  At  an  average  pulse  rate  of  10  Mbits/sec  (half  of  20  Mbits/sec),  the 
duty  factor  is  ten  percent.  Pulse  power  can  be  Increased  compared  to  a CW  laser 
biased  at  threshold.  The  short  pulse  duration  also  allows  for  pulse  dispersion  in 
the  long  distance  link.  The  triple  stripe  DH  laser  was  developed  to  meet  the  following 
significant  performance  characteristics: 
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(1)  Peak  power  output  - 250  mW; 

(2)  Drive  conditions  - 2A  current  pulse,  10  nsec  pulsewidth  at  a pulse 
repetition  rate  of  10  Mbits/sec; 

(3)  Emission  wavelength  - 820  nm  at  300°K; 

(4)  Laser  configuration  in  a "triple-stripe"  geometry  for  coupling  into 
three  fibers  spaced  125  urn  center-to-center  in  a linear  array; 

(5)  Laser  output  must  be  coupled  efficiently  into  a multimode  fiber  with 
a NA  ° 0.15  and  75  pm  core  di^uneter: 

(6)  Minimum  lifetime  - 10,000  hours. 

The  laser  structures  were  grown  by  the  liquid-phase  epitaxial  technique  as 
developed  by  RCA  Labs.  The  triple-stripe  lasers  are  a variation  of  the  CW  laser 
designs.  Figure  2 is  a schematic  cross  section  of  the  laser  showing  the  dimensions 
and  doping  specific  to  the  triple-stripe  device.  The  composition  of  the  active 
region  yields  a lasing  wavelength  of  approximately  820  pm.  The  oxide-defined 
contacting  stripes  are  25  pm  wide,  separated  by  125  pm,  and  have  common  metalliza- 
tion. Due  to  current  spreading  under  the  contact,  the  width  of  the  lasing  region  is 
approximately  50  pm  per  stripe  for  a total  emitting  width  of  150  pm.  The  diodes  are 
mounted  using  pure  In,  with  the  p-type  GaAs  cap  layer  nearest  the  heat  sink. 

Each  laser  has  both  a reflective  and  anti-reaective  coating  on  the  back  and 
front  facets,  respective.  The  anti-reflective  coating  is  approximately  1200  8 of 
AIjOt,  while  the  reflective  coating  is  a composite  of  2400  k of  AI2O3  followed  by 
306  8 of  Cr,  100  8 of  Au,  and  2400  8 of  AI2O2.  The  net  effect  of  the  coatings  is 
to  increase  the  end  losses  and  to  raise  the  threshold  by  perhaps  20  percent  above 
that  of  uncoated  lasers  from  the  same  wafer.  However,  we  have  shown  in  the  past 
that  a low-reflectivity  facet  coating  decreases  the  susceptibility  to  catastrophic 
damage  (Ettenberg,  M. , 1971). 

2 

The  threshold  current  density  of  the  diodes  is  approximately  2500  A/cm  . Figure  3 
shows  the  output  power  as  a function  of  current  for  10  nsec  pulses  at  a repetition 
rate  of  1 kHz  where  self-heating  would  be  negligible  and  at  10  MHz  where  the  maximum 
temperature  rise  would  occur.  There  appears  no  significant  change  in  output  between 
these  extremes. 

The  behavior  of  the  threshold  current  as  a function  of  temperature  is  shown  in 
Figure  4 . The  corresponding  change  in  both  the  coherent  and  the  incoherent  peak 
emission  energy  appears  in  Figure  5.  Since  the  temperature  interval  is  rather  small, 
the  latter  relationship  is  essentially  linear  with  a slope  of  0.51  meV/OK.  These  data 
were  taken  at  sufficiently  low  duty  cycles  so  that  internal  heating  was  completely 
negligible.  If  the  average  power  is  increased  so  that  there  is  considerable  self- 
heating of  the  laser,  the  spectral  shift  can  be  used  to  calculate  the  thermal  impedance. 
With  a power  dissipation  of  0.52  W,  the  spectrum  was  observed  to  shift  by  3.69  meV, 
corresponding  to  a temperature  rise  of  7.240K  and  a thermal  impedance  of  14°  K/W. 

For  comparison,  the  range  of  thermal  impedance  measured  on  well-heat  sunk  CW  type 
diodes  is  10  to  20°  K/W. 

A typical  far-field  pattern  for  a triple-stripe  laser  is  shown  in  Figure  6.  In 
the  plane  perpendicular  to  the  junction,  the  beam  width  full-width-half-maximum  (FWHM) 
is  490;  in  the  parallel  plane  it  is  11®,  and  is  operating  in  the  second-order  lateral 
mode.  The  beam  is  strongly  polarized  with  a transverse  electric  (TE)  to  transverse 
magnetic  (TM)  ratio  of  about  11  dB.  (The  usual  degree  of  polarization  for  narrow  DH 
lasers  is  in  the  range  of  10  to  20  dB) . With  the  beeun  of  Figure  6,  the  coupling  loss 
into  a numerical  aperture  of  0.14  was  measured  to  be  approximately  7 dB.  Therefore,  of 
the  250  mW  output  power,  50  mW  is  available  to  the  three  fi)>ers  or  17  mW  per  fiber. 

This  figure  can  be  improved  by  designing  the  laser  with  a lower  degree  of  optical 
confinement.  Figure  7 is  the  far-field  distribution  of  a triple-stripe  laser  with  a 
modified  cavity.  The  beam  is  37®  FWHM  perpendicular  to  the  p-n  junction  and  only  6® 
in  the  lateral  plane.  The  coupling  loss,  at  NA  ■ 0.14  is  5 dB  for  this  device  compared 
with  7 dB  for  the  previous  example.  However,  the  reduced  optical  confinement  results  in 
an  elevated  threshold  current  and  drive  current  to  achieve  the  same  total  output  power 
of  250  mW.  For  a given  drive  current,  the  proper  optimization  from  the  system  point  of 
view,  of  course,  vrould  be  to  optimize  the  power  coupled  into  the  fiber  rather  than  the 
total  power. 

The  observed  values  of  the  threshold  current  density  and  boamwldth  correlate 
closely  with  theoretically  predicted  values.  On  the  basis  of  the  difference  in 
A1  concentration.  Ax,  between  the  active  region  and  the  bounding  regions  of  0.27,  the 
estimated  step  in  the  refractive  index  An  - 0.62  Ax  - 0.17.  With  an  active  region  of 
0.21  uB  and  emission  wavelength  of  about  0.8  Am,  the  following  calculated  values 
follow  from  the  theory  of  Butler  (Butler,  J.  K.,  1977) 

Conflnesient  factor  r • 0.6, 

Beam  width  6 -47° 
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QUESTIONS  AND  COMMENTS 
ON  SESSION  IV 


DISPERSION  EVALUATION  IN  MULTIMODE  FIBERS  BY  NUMERICAL  TECHNIQUE:  APPLICATION  TO  RING 

SHAPED  AND  GRADED  INDEX  WITH  A CENTRAL  DIP 
A.  M.  Scheggl,  P.  F.  Checcacci,  R.  Falciai 

Dr.  L.  Felsen:  The  ray  method  employed  in  the  paper  is  equivalent  to  the  WKB  procedure, 
which  is  known  to  be  inaccurate  for  the  very  low  order  modes.  Could  you  comment 
on  how  well  your  results  compare  with  exact  solutions  for  the  low  order  modes  for 
those  special  cases  where  exact  solutions  are  available? 

Dr.  Checcacci:  The  condition  which  must  be  fulfilled  for  the  application  of  the  method 
is  that  |vn| /kon^<<l . In  principle  such  a condition  is  not  satisfied  for  very  low 
radial  order  modes.  Comparisons  with  some  special  cases  for  which  the  exact 
solutions  are  available  (see  Scheggl  A.M. , Checcacci  P.F.,  Falciai  R. , 1975 
"Dispersion  Characteristics  in  Quasi-Step  and  Graded  Index  Slab  Waveguides  by 
Ray  Tracing  Technique"  in  Journ.  Opt.  Soc.  Am.  65,  1022)  show  that  the  method  in 
those  cases  is  quite  valid  down  to  modes  with  raSial  number  u of  the  order  of  some 
units.  Hence  we  can  surmise  that  for  slowly  varying  index  distributions 
the  method  is  correct  at  least  down  to  modes  having  such  radial  order  numbers. 


Summary  of  Session  IV 


PROPAGATION 

by 

H.  G.  Unger 


Chaimian's  review  and  conclusions 


Most  of  the  papers  were  addressed  to  fibre  characteristics  and  their  characterization. 
Methods  of  measuring  the  index  profile  were  presented  and  critically  evaluated,  and  the 
influence  of  the  index  profile  on  the  transfer  function  and  on  pulse  dispersion  were 
discussed.  Particular  emphasis  was  given  to  fibres  of  low  and  intermediate  values  of 
the  fibre  parameter,  v. 

It  is  expected  that  fibres  with  low  v-values  have  dispersion  characteristics  which 
do  not  degrade  quite  as  critically  with  deviations  from  an  optimum  index  profile  as 
do  ordinary  gradient  index  fibres.  They  are  however  still  large  enough  in  core  size 
to  allow  easy  splicing  and  coupling. 

Problems  which  are  still  to  be  solved  for  low  v-value  fibres  are  the  optimum  profile 
with  respect  to  delay  dispersion,  the  degrading  effects  of  imperfections  such  as 
microbending  on  multimode  signal  transmission  in  such  fibres,  and  the  fabrication  of 
such  fibres  as  well  as  the  experimental  verification  of  the  theoretical  conditions. 
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The  calculated  threshold  current  density  based  on  the  theory  for  undoped  active  regions 
yields  an  expression  of  the  form  (for  g^j^  - 30  - 100  cm"l)  (Stern,  F.  , 1973) 
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For  the  facet  coating  used,  R « 0.05,  L - 15  mils,  “ 10  cm  and  10  c™ 

Hence,  g^,."  90  cm  and  J^.  » 1460.  With  n,  assumed  to  be  0.7,  we  calculate 
” 2000  A/cm^,  in  good  agreement  with  the  experimental  results. 


The  coupling  efficiency  from  an  injection  laser  into  a flat  cut  fiber  with  low 
numerical  aperture  (NA  • 0.14)  is  rather  low,  as  the  measured  values  demonstrate. 
Coupling  can  be  improved  by  lensing  the  fiber  end  (Benson,  W. , 1975),  however,  the 
method  of  melting  the  fiber  end  by  a microtorch  or  focussed  CO2  lasers  to  form  a 
hemispherical  lens,  produces  a lens  surface  which  has  too  large  a radius  and  therefore 
does  not  provide  optimum  coupling.  We  are  now  applying  a new  technique  for  highly 
efficient  coupling  into  step  or  graded  index  fibers  (Timmermann,  C. , 1976).  The 
cladding  of  the  fiber  is  etched  to  reduce  the  fiber  diameter  to  nearly  the  core 
diameter.  Then,  the  fiber  end  is  cut  and  dipped  into  a low  molting  glass  to  form  a 
small  lens.  Three  fibers  prepared  in  this  way  are  arranged  in  a linear  array  so  that 
the  lenses  are  positioned  opposite  the  emitting  faces  of  the  triple  stripe  laser. 
Coupling  efficiencies  exceeding  60  percent,  corresponding  to  a pea)c  power  of  approxi- 
mately 150  mW,  from  the  laser  into  three  graded  index  fibers  with  a core  diameter  of 
approximately  80  um  and  NA  > 0.2  can  be  obtained. 


A prototype  pill  package  (Figure  8)  was  designed  which  first  was  closed  by  a 
thin  (approximately  100  um)  glass  window  in  front  of  the  laser.  In  the  final 
assembly  the  window  is  replaced  by  a block  of  molded  plastic  in  which  the  linear  array 
of  three  fibers  is  imbedded.  The  best  alignment  is  achieved  by  operating  the  laser 
and  moving  the  plastic  block  mounted  on  a micropositioner  until  optimum  coupling  has 
been  achieved.*  Then,  the  plastic  block  is  affixed  to  the  package  by  a thin  UV-curable 
epoxy  preform. 


Life  tests  on  three  lasers  were  performed  under  the  specified  operating  conditions 
(P  ” 250  mW,  t ” 10  nsec,  PRR  » 10  MHz).  The  power  output  was  continuously  monitored 
and  no  change  observed  after  7000  hours  operation  at  room  temperature  in  a laboratory 
environment.  This  is  a strong  indication  that  the  10,000  hours  lifetime  goal  is 
quite  reasonable. 

A drive  circuit  was  first  designed  to  utilize  a high  power  VHF  bipolar  transistors 
in  the  last  amplifier  stage,  but  problems  with  regard  to  ringing  and  pulse-to-pulse 
stability  were  encountered.  The  reproducibility  of  these  circuits  was  also  not 
completely  satisfactory  due  to  the  variation  of  transistor  characteristics.  High  power 
junction  FETs  (VMP-1  manufactured  by  Slliconix  Inc.)  were  tested  and  proved  to  be 
capable  of  high  speed  operation  (t  • 10  nsec) . These  devices  provided  stable  operating 
conditions  at  peak  current  levels  of  2-3A  and  were- finally  utilized  in  the  last 
drive  stage.  The  complete  schematic  of  the  drive  circuit  Is  shown  in  Figure  9.  For 
convenience  in  testing,  a crystal  controlled  10  MHz  oscillator  consisting  of  a 
NAND-gate  and  a 10  MHz  quartz  crystal  were  included  in  the  design.  The  second  NAND-gate, 
which  can  be  addressed  from  the  10  MHz  oscillator  or  from  an  outside  source,  is  used  to 
generate  a short  pulse  which  is  then  amplified  in  a transistor  stage.  In  the  final 
drive  stage,  using  the  high  power  FET,  the  injection  laser  is  protected  from  O.C. 
overload  by  capacitive  coupling. 

The  Injection  laser  package  is  mounted  on  a one-stage  thermoelectric  heater/ 
cooler  (model  ST  1046  manufactured  by  Marlow  Industries,  Inc.),  which  is  designed  to 
cool  or  heat  the  laser  diode  to  a preset  temperature  over  an  ambient  temperature  range 
of  +710C  to  -40®C,  The  heat  pumped  by  the  thermoelectric  cooler  is  passed  through  a 
finned  heat  sink  and  removed  by  forced  air  convection.  The  blower  (Rotron  Aximax  1) 
providing  forced  air  for  heat  sink  cooling  also  provides  additional  air  for  do*wn- 
stream  cooling  of  the  drive  circuit.  The  cooler  is  capable  of  maintaining  a 0.5  H load 
at  15°  C with  a controlled  surface  accuracy  of  + 3°C,  which  is  more  than  sufficient  for 
stable  operation  of  the  laser. 

The  temperature  is  sensed  by  a thermistor  mounted  to  the  controlled  surface  which 
is  part  of  a bridge  network.  The  temperature  set-point  can  be  varied  by  increasing  or 
decreasing  the  resistance  of  a potentiometer  in  the  bridge.  A voltage  divider  network 
supplies  a constant  voltage  level  to  one  Input  of  a differential  amplifier,  the  other 
input  is  supplied  by  the  voltage  divider  network  formed  by  the  thermistor  and  potentio- 
meter. When  the  bridge  is  in  balance,  the  two  voltage  levels  from  the  divider  are  the 
sai.ie.  The  differential  amplifier  amplifies  the  difference  between  the  voltage  levels 
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from  the  two  signals  of  the  bridge,  and  the  output  of  the  differential  amplifier  drives 
a transistor  network  which  regulates  the  power  to  the  thermoelectric  cooler. 

Figure  9 shows  a sldevlew  and  Figure  10  a topview  of  the  laser  transmitter.  The 
injection  laser  mounted  on  the  thermoelectric  heater/cooler  is  in  close  proximity  to  the 
output  pads  of  the  drive  circuit  and  connected  to  them  by  copperbands.  This  arrangement 
provides  neglible  inductive  losses  and  minimizes  distortion  of  the  pulse  shape.  The 
laser  and  cooler  are  heat  insulated  by  fo^un,  in  which  a channel  for  the  three  fiber 
pigtail  is  cut.  The  laser  transmitter  is  RF  shielded  by  a metal  housing  covering  the 
complete  laser  transmitter  including  the  drive  circuit. 

In  summary,  the  feasibility  of  a high  power  injection  laser  transmitter  for  long 
distance,  tactical  fiber  optics  communication  has  been  proven  by  the  development  of  an 
operational  prototype.  During  the  development  of  the  prototype  transmitter,  numerous 
improvements  based  on  availability  of  new  components  (e.g.,  fast  high  power  FET)  and 
new  technologies  (e.g.,  coupling  techniques)  were  incorporated  into  the  design. 
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Fig.2  Compositional  cross  section  of  the  triple-stripe  laser 


M-IO 


Fig.  1 1 Top  view  of  laser  transmitter  (cover  removed) 
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SUMi^RY 


This  paper  reports  the  performance  of  broad-area  and  stripe -geometry  GalnAsP/InP  double-heterostructure 
diode  lasers  prepared  by  liquid-phase  epitaxy.  These  lasers  have  the  advantage  that  exact  lattice-matching  between 
the  GalnAsP  active  region  and  the  InP  substrate  is  possible  for  quaternary  alloy  compositions  giving  emission  wave- 
lengths over  a range  that  includes  1. 1-1.3  am,  the  optimum  region  for  optical  communication  systems  utilizing 
fus^  silica  fibers.  Continuous  operation  at  room  temperature  has  been  achieved  in  this  region  both  for  proton- 
defined  stripe  (PDS)  and  Junction-defined,  buried-stiipe  (JOBS)  lasers.  Near-field  observations  of  the  JOBS  lasers 
show  total  optical  confinement,  with  no  spreading  of  the  radiation  outside  the  buried  stripe  for  cw  operation  at  20% 
above  threshold  or  for  pulsed  operation  at  8 times  threshold.  Three  PDS  devices,  the  only  GalnAsP AnP  lasers  to  be 
life-tested  so  far,  have  already  logged  over  2000,  1600,  aixi  1200  hours,  respectively,  of  cw  operation  at  room 
temperature  without  any  degradation  in  output  power,  thre;;hold  current,  or  emission  spectrum. 


Diode  lasers  have  a number  of  characteristics  that  make  them  very  promising  sources  for  use  in  optical 
communications:  they  are  small,  efficient,  conveniently  modulated  at  high  rates,  and  capable  of  being  fabricated 
into  integrated  optical  (T/O)  circuits  on  a single  chip.  However,  conventional  double-heterostructure  (DH) 
GaAs/GaAlAs  lasers  have  emission  wavelengths  in  the  range  between  0. 7 and  0. 95  pm,  which  is  not  ideal  for 
optical  communication  systems  utilizing  fused  silica  fibers.  In  addition,  the  yield  of  these  lasers  with  operating 
lifetimes  long  enough  to  be  practical  has  been  low.  We  will  show  in  this  paper  that  DH  GalnAsP/InP  quaternary 
lasers  are  likely  to  be  a much  better  choice  for  use  in  fiber  optic  systems. 

Optical  communication  using  fibers  has  recently  become  practical  because  of  a marked  reduction  achieved  in 
the  attenuation  of  silica  fibers.  Figure  la  shows  the  attenuation  of  state-of-art  laboratory  fibers  (HORlGUCHI,  M. , 
1976)  which  has  a minimum  value  of  about  0.  5 dB/km  between  1. 1 and  1. 3 pm,  compared  with  about  1 dB/km  for  the 
emission  wavelength  range  of  GaAs/GaAlAs  lasers.  The  material  dispersion  (PAYNE,  D.  N. , 1975)  of  silica 
fibers,  as  shown  in  Fig,  lb,  approaches  zero  near  1.25  pm  but  is  ~ 70  ps/nm/km  in  the  GaAs/GaALAs  laser  wave- 
length range.  Furthermore,  experiments  with  certain  silica  fibers  Indicate  considerably  more  resistance  to 
neutron  a:^  gamma  radiation  at  1. 1 pm  than  at  shorter  wavelengths  (MAURER,  R.  N. , 1973).  Therefore  the  ideal 
diode  lasers  for  fiber  optic  communications  should  have  their  emission  wavelengths  in  the  1. 1-1.3  pm  range.  In 
addition  they  should  be  both  reliable  and  easy  to  fabricate.  The  GalnAsP  AnP  lasers  satisfy  all  these  requirements. 

In  DH  diode  lasers  close  lattice  matching  between  the  active  region  and  die  adjacent  barrier  layers  is  neces- 
sary for  efficient  device  operation.  However,  in  the  other  two  types  of  alloy  lasers  being  investigated  as  possible 
sources  for  the  1. 1-1. 3 pm  range  --  GalnAs/GalnP  (NUESE,  C. , 1976)  and  GaAsSb/GaAlAsSb  (SUGIYAMA,  K. , 

1972  and  NAHORY,  R.  E. , 1976)  --  there  is  a significant  difference  in  lattice  constant  between  the  alloy  active 
region  and  the  GaAs  substrate  used  for  epitaxial  growth.  As  a result  of  this  mismatch  the  fabrication  process  is 
made  considerably  more  complicated  (and  laser  reliability  most  probably  reduced)  because  it  is  necessary  to  grow 
intermediate  buffer  layers,  graded  either  continuously  or  step-wise  in  composition,  between  the  substrate  and  the 
barrier  layer  just  below  the  active  region.  The  alloy  compositions  of  the  buffer  and  barrier  layers,  as  well  as  that 
of  (he  active  region,  must  all  be  carefully  controlled. 

In  contrast  to  the  other  alloy  lasers,  GalnAsP  AnP  lasers  have  the  important  basic  advantage  that  the 
GalnAsP  active  region  can  be  exactly  lattice -matched  to  the  InP  substrate.  In  Fig.  2 the  rotxn -temperature  bandgap 
and  corresponding  wavelength  of  alloys  in  the  Gai.xInjrAsj.yPy  system  are  plotted  against  lattice  constant.  The 
portion  of  the  dashed  vertical  line  lying  within  the  shaded  area  represeiCs  GalnAsP  alloys  that  have  the  same  lattice 
constant  as  InP,  giving  a possible  wavelength  range  from  0. 95  to  1. 7 pm  at  room  temperature  for  lattice -matched 
GalnAsP  AnP  lasers.  Since  InP  has  a higher  energy  gap  and  lower  refractive  index  than  any  of  these  alloys,  in 
principle  both  carrier  and  optical  confinement  can  be  achieved  by  simply  growing  successive  GalnAsP  aiid  InP  epi- 
taxial layers  on  an  InP  substrate.  In  practice,  an  InP  buffer  layer  is  first  grown  on  the  substrate  in  order  to  smooth 
the  irregularities  caused  by  thermal  etching  of  the  substrate  during  pre-growth  heating.  Figure  3 is  a photo- 
micrograph of  a cleaved  cross  section  through  a heterostructure,  grown  by  liquid-phase  epitaxy,  that  incorporates 
such  a buffer  layer.  It  should  be  noted  that  even  in  this  somewhat  more  complex  structure  only  the  composition  of 
the  GalnAsP  active  region  needs  to  be  controlled,  since  the  composition  of  InP  layers  is  practically  independent  of 
the  composition  of  the  In-P  growth  solutions. 

Diode  laser  operation  in  the  GalnAsP  AnP  system  has  been  obtained  for  active-region  compositions  spanning 
the  entire  lattice -matched  range  shown  in  Fig.  2,  although  laser  action  has  been  observed  only  at  80  K for  the  two 
extremes  of  the  range,  InP  itself  (ISMAILOV,  I. , 1975;  ^ISER,  K. , 1964)  and  the  P-free  limit  (GaQ_  465l'K).  535^8) 
(NAGAI,  H,,  1976;HSIEH,  J.  J. , 1976).  Our  attention  has  been  concentrated  on  compositions  yielding  room- 
temperature  emission  in  the  1.05-1.3  pm  wavelength  region.  For  this  reason.  Fig.  4 shows  the  lowest  values  of 
threshold  current  density,  Jn,,  obtained  for  room -temperature  pulsed  operation  of  broad-area  DH  GalnAsP  AnP 
diode  lasers  grown  on  ellter  (111)B-  or  (lOO)-oriented  InP  substrates.  Most  of  these  values  lie  between  2 and 
4 kA/cm^.  As  in  the  case  of  DH  GaAs/GsAlAs  lasers,  Ju,  is  .wOt  sensitive  to  active-layer  carrier  concentration 
over  the  lower  -10^'^  to  lO^^  cm'3  range.  The  lowest  J^,,  1. 5 kA/cm^,  was  observed  for  a laser  emitting  at 
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1. 1 iim  with  a cavity  length  of  380  tim  and  active-region  thlckwaa  of  0. 4 ^m.  For  thla  laser  the  reduced  threshold 
Is  3. 8 kA/cm2-jjin,  comparable  to  the  values  of  3. 5 -4  kA/cm^-pm  reported  (PANISH,  M.  B. , 1976)  for 
DH  GaAs/GaAlAs  lasers.  The  gain  and  loss  values  for  this  laser  are  about  15  cm/kA  and  38  cm'l,  respectively, 
and  the  beam  divergence  Is  about  40°  In  the  plane  perpendlcula'  to  the  Junction.  These  characteristics  are  also 
similar  to  those  of  GaAs/GaAlAs  lasers. 

Continuous  room -temperature  operation  of  DH  GalnAsP/InP  diode  lasers  emitting  at  wavelengths  between  1. 1 
and  1.25  um  has  been  achieved  by  using  various  device  conflgtiratlons  in  which  current  flow  Is  confined  to  a narrow 
stripe  in  the  plane  of  the  Junction.  Initially  cw  operation  was  obtained  for  stripe -geometry  lasers  In  which  proton 
bombardment  Is  used  to  define  die  width  of  the  active  region  by  strongly  Increasing  the  resistivity  of  the  InP  barrier 
layer  outside  the  stripe  (HSIEH,  J.  J. , 1976).  Figure  5 Is  a schematic  diagram  of  such  a proton-defined  stripe 
(PDS)  device.  For  PDS  lasers  with  a stripe  width  of  13  urn,  we  have  obtained  cw  output  power  of  8 mW  per  facet  at 
a dc  current  of  240  niA  and  an  external  quantum  efficiency,  T^.  of  26%  per  facet  at  emission  wavelengths  of  1. 1- 
1. 5 pm.  We  have  also  prepared  oxide -defined  stripe  (ODS)  lasers  in  which  contact  windows  In  an  oxide  layer  are 
used  to  define  tte  active-region  width,  although  cw  operation  has  not  been  achieved  for  these  devices. 

For  both  the  PDS  and  ODS  lasers,  as  the  stripe  width  decreases  below  about  15  um  the  threshold  current 
density  rises  rapidly  due  to  lateral  spreading  of  the  Injected  carriers  and  the  stimulated  radiation  from  the  sides  of 
the  stripe.  However,  for  efficient  coupling  of  a diode  laser  to  an  optical  fiber  the  width  of  the  laser  active  region 
should  be  matched  to  the  diameter  of  the  fiber  core,  which  is  only  about  5 um  for  some  slqgle-mode  fibers.  To  re- 
duce lateral  spreading  we  have  recently  fabricated  two  types  of  buried- stripe  lasers,  designated  as  Junction-defined 
(JDBS)  and  oxlde-deflned  (ODBS)  devices.  In  these  lasers  the  GalnAsP  active  region  Is  entirely  surrounded  by  InP, 
thereby  provldii^  lateral  as  weU  as  vertical  carrier  and  optical  confinement.  As  in  the  case  of  GaAs/GaAlAs 
burled-stripe  DH  lasers  (TSUKADA,  T. , 1974),  such  confinement  has  produced  a marked  reduction  in  total  thresii- 
old  current  for  narrow  stripe  widths. 

For  all  four  types  of  stripe -geometry  lasers  the  variation  of  room -temperature  pulsed  threshold  current 
density,  Jt),(s),  as  a function  of  stripe  width,  s.  Is  shown  In  Fig.  6,  where  the  ratio  of  Jt],(s)  to  the  threshold 
current  density  for  broad-area  devices  from  the  same  wafer,  ]*(“)»  plotted  against  s.  Note  that  the  relative  In- 
crease In  JthCs)  with  decreasing  s is  greatest  for  the  ODS  lasers  and  becomes  progressively  smaller  for  the  PDS, 
ODBS,  and^BS  devices.  For  the  JDBS  lasers  J|h(s)  Is  only  65%  higgler  for  s = 5 pm  than  for  broad-area  devices. 

Figure  7 is  a photumlcrograph  of  a cleaved  cross  section  through  a JDBS  laser  structure  with  a stripe  5 pm 
wide,  to  which  the  curreix  is  restricted  by  means  of  an  InP  p-n  homojunctlon  that  is  reverse -biased  when  the 
InP-GalnAsP  p-n  Junction  over  the  stripe  Is  forward -biased.  With  this  structure  we  have  achieved  room- 
temperature  cw  operation  at  emission  wavelengths  of  1.21  and  1.25  um,  with  an  output  as  high  es  17  mW  per  facet 
at  a dc  current  of  500  mA  and  11  j of  10%  per  facet.  Near-fleld  observations  of  these  lasers  diow  total  optical  con- 
finement, with  no  spreading  of  the  radiation  outside  the  burled  stripe  for  cw  operation  at  20%  above  tiireshold  or  for 
pulsed  operation  at  8 times  threshold. 

It  should  be  mentioned  that  cw  operation  of  JDBS  lasers  has  been  obtained  with  either  the  grown  side  or  the 
substrate  side  soldered  to  the  heat  sink.  When  the  latter  configuration  was  used  the  total  thickness  of  the  device 
was  reduced  to  50  um  by  lapping  down  the  substrate  side  before  mounting.  In  this  ca&c  the  cw  Jjj,  was  found  to  be 
only  about  25%  higher  tiian  the  pulsed  Ja  for  the  same  laser.  This  scheme  should  facilitate  the  light  extraction  and 
simplify  device  fabrication  procedure  tor  future  I/O  applications. 

Because  the  development  of  GalnAsP/InP  lasers  has  been  so  recent,  life -test  results  are  necessarily  quite 
limited.  However,  these  results  are  perhaps  the  most  striking  so  far  obtained  for  these  devices.  In  the  Initial 
tests,  three  PDS  lasers  prepared  from  the  same  DH  wafer  are  being  operated  continuously  at  room  temperature, 
and  the  dc  operating  current  Is  adjusted  periodically  to  keep  the  output  power  constaix  to  within  i 20%  at  a level  of 
2 to  4 mW  per  facet.  Figure  8 shows  the  operating  current  as  a function  of  time  for  these  three  lasers  over  their 
first  1400,  1000  aixl  600  hours,  respectively.  No  significant  changes  in  current  are  observed;  the  small  changes 
shown  were  due  to  chains  In  heat  sink  temperature,  not  to  device  degradation.  These  three  lasers  are  still  in 
operation,  having  so  far  logged  over  2000,  1600  and  1200  hours,  respectively,  without  any  significant  change  in 
operatii^  current,  threshold  current  or  emission  spectrum.  These  results  provide  a very  encouraging  Indication 
that  It  will  be  possible  to  obtain  a high  yield  of  GalnAsP/InP  lasers  with  sufficiently  long  operating  lifetimes  for 
practical  applications,  and  they  strongly  suggest  that  these  devices  do  not  suffer  from  the  reliability  problems  that 
have  seriously  plagued  GaAs/GaAlAs  lasers  (PANISH,  M.  B. , 1976). 

In  summary,  we  have  fabricated  lattice -matched  GalnAsP  AnP  DH  diode  lasers  that  exhibit  room -temperature 
cw  emission  between  1. 1 and  1.25  pm.  The  simplicity  of  fabrication,  appropriate  wavelength  range,  excellent 
operadi^  characteristics,  efficient  heat  dissipation,  and  probable  reliability  of  these  lasers  make  them  leading 
candidates  as  sources  for  fiber  optic  communication  systems. 


The  views  and  conclusions  contained  In  this  document  are  those  of  the 
contractor  and  should  not  be  Interpreted  as  necessarily  representing 
the  official  policies,  either  expressed  or  Implied,  of  the  United  States 
Government. 
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Fig.2  Room  temperature  bandgap  and  corresponding  wavelength  as  a function  of  lattice  constant  for 

Gai-^ln^Asi-yPy  alloys 
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Fig3  Photomicrograph  of  cleaved  cross  section  through  GalnAsP/lnP  double  heterostructure 
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Lowest  values  of  threshold  current  density,  Jd,,  for  room-temperature  pulsed  operation  of 
broad-area  DH  GalnAsP/InP  diode  lasers  at  wavelengths  of  1 .07- 1 .27  fint 
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Fig.S  Schematic  diagram  of  proton-dermed,  stripe-geometry  DH  GalnAsP/lnP  diode  laser 
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Fig. 7 Photomicrograph  of  cleaved  cross  section  through  junction-denned,  buried-stripe 

DH  GalnAsP/InP  diode  laser 
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Fig.8  Operating  current  required  to  maintain  constant  output  power  as  a function  of  time  for  proton-derined. 
stripe-geometry  DH  .GalnAsP/InP  diode  lasers.  The  small  changes  observed  in  current  are  due  to  changes  in 

heat  sink  temperature 


36-1 


PEPnoaxTTiBiLm;  de  fabrickticn  ces  dioces  lasers 


E.  Duda,  J.C.  Ceurbalies,  J.  Apruzzese 
7H3HSCN.CSF 

LABORATOIRE  CBni«L  CE  lECHERCHES 
Dcmalne  de  Oorbevllle 
91401  Orsay,  France 


REStJE 

Un  probl&ne  infxxtzmt  renocntr#  lore  de  la  fabrication  dee  diodes  lasers  est  116  A la  dlfflcultS  de 
reprodulre  de  fa^on  satlsfalsante  leurs  caractArlstlques.  Les  diodes  lasers  fabrlqu6es  dans  txTtre  labo- 
ratolre  sont  du  type  double  h6t6rostruct.ire,  de  z6ne  Smettrloe  12/vni  localises  par  Inplantatlcn  protcnl- 
que  peu  profcnde. 

A cheque  etape  lji(X}rtante  de  la  fabrication  (dApOt  des  contacts  ohndques,  cllvage,  sclage,  soudure) 
des  tests  sent  effectuAs  de  fa^cn  A verifier  la  quallte  de  1 'operation.  L influence  de  diacme  de  oes 
operations  sur  les  caracterlstlques  des  lasers  a ete  etudiee.  Bn  partlculler  le  rOle  des  oontralntes 
Indultes  au  oours  du  processus  a ete  mis  en  evidence. 

D'autre  part,  des  orlteres  de  selections  ont  ete  determines  de  feigon  A eilmlner,  aussl  repldonent 
que  possible  au  oours  de  la  fabrication  les  elements  dont  les  caracterlstlques  seraient  Insufflsemtes 
pour  les  explications  oonnunlcatlons  optlques. 

On  a obtenu  ednsl  une  reduction  noted^le  de  la  dispersion  des  caracterlstlques  des  lasers. 

SUWABY 

llie  most  inportant  problem  encountered  for  the  production  of  leisers  diodes  Is  the  difficulty  to 
reproduce  satisfactory  perfocmanoe  for  these  light  emitters. 

In  this  paper,  we  present  the  main  results  of  a study  performed  vdth  the  aim  of  Ijiproving  the 
reproduclblll^  of  these  oonponents. 

The  lasers  diodes  designed  In  our  labcremory  are  of  double  heterostructure  type,  grown  on  GaAs 
substrates;  they  have  an  emitting  stripe  of  12yum  wide  formed  by  a shallcM  proton  inplantatlon. 

At  ea^  Infiortant  step  of  production  (d^x)sltlon  of  ohmic  contact,  cleaving,  sawing,  bonding) 
tests  ha^re  been  set  up  to  check  the  quality  of  the  operation.  The  Influence  of  these  operations  on  the 
characteristics  of  the  lasers  Is  discussed.  The  Influence  of  the  stresses  induced  during  the  process 
Is  pointed  out. 

Cn  the  hand,  criteria  have  been  derived  to  elimlneme  at  early  stage  the  chips  which  would  herve 
exhibit  Insufficient  char^K:terlstlcs  for  optical  ocnnunlcatlon  applications. 

As  a general  result  of  this  study,  a reduction  In  the  dispersion  of  the  performances  hets  been 
achieved  for  the  lasers  produced  through  these  tests  set  up  along  the  production  line. 

I.  PmCOUCTION 

Des  progrAs  considerables  ont  ete  realises  oes  demlAres  annees  dans  le  donalne  des  lasers  A soni- 
oonducteurs.  Un  certain  nombre  de  laboratolres  ont  obtenu  des  lasers  ayant  fonctlonne  en  ocntlnu  pendant 
plus  de  10  000  heures^^^  . Nous  avot»  egedement  obtenu,  au  laboratolre,  de  tels  lasers.  Toutefols 

s' 11  est  relatlvement  alsA,  actuellement,  de  reallser  quelques  lasers  presentant  de  bonnes  oaracterlstl- 
ques  optlques  et  une  duree  de  vie  de  oet  erdre,  11  est  plus  difficile  d'avolr  une  bonne  reproductlblllte 
de  fabrication  et  surtout  de  prAvolr,  A priori,  la  durAe  de  vie  de  oes  oenposants. 

Ce  manque  de  reproductlblllte  peut  Atre  attrlbue  aux  dAfauts  exlstants  dans  les  oouches  epltaxlad.es 
et  A ceux  Introdults  paur  le  procAde  de  fabrlcattlon . 

Nous  avens  precedannent alxxde  le  problSme  de  la  reproductlblllte  de  fabrication.  Dans  le  present 
article  nous  preclsons  1' Influence  de  certains  paramAtres  et  plus  partlcullArement  des  contradntes  dAve- 
loppAes  Icrs  de  la  fabrication. 

n.  FABRicaricw  des  lasers 

Les  lasers  utilises  sont  du  type  double  heterostructure,  A geonetrle  ruban,  permettant  un  fonccion- 
nement  en  oontlnu  A toipArature  amblante. 

Les  epadsseurs  et  ocnposltlons  des  couches  6pltaxlad.es  sont  donnAes  dans  le  tableau  I. 

Les  contacts  ohmlques  sont  oonstituAs  d'un  dApfit  mAtadllque  alUA  (AuSifTe/Au)  c&tA  substrat  et  d'un 

dApbt  non  alllA  (Tl/Rt/Au)  cfitA  Apltaxle.  Aucune  diffusion  de  zinc  n'est  effectuAe  car  oette  operation 

ne  s'awAre  pas  Indispensable  A I'obtantlon  de  bens  oentaKts.  La  resistance  de  oontau^t,  cOtA  ApitaxlA, 

-5  2 

reste  dans  oes  conditions  InfArleure  A 10  otm.on  . 

La  zAne  axrtlve  est  looadlsAe  par  laplantatlcn  protcnlque  peu  profonde.  Les  plac^iettes  sont  adors 
cllvAes  au  pas  de  400 puls  les  bautettes  obtenues  sent  sclAes  en  [uoes  AlAmentadres  de  400x300^^.  Les 
puces  sont  ensulte  soudAes  A I'lndlm  sur  un  radlateur  de  culvre  dorA.  Le  contact  supArlaur  est  oonstituA 
d'un  ruban  d'or. 

La  fig.  1 montre  un  laser  rAadlsA  au  laboratolre. 

Le  processus  de  fabrication  alnsl  que  les  contrOles  effectuAs  sont  rAsumAs  dans  le  tableau  II. 
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III.  CRITCraS  DE  SEmCTlCN  B)  POURS  EE  fTBRICaTICM 

1.  Caract&rlsatlon  des  plaquettes  6pltaxlales 

Pour  cduque  plaquette,  environ  dlx  lasers  larges  (sans  structure  ruban)  sent  soud6s  sur  le  8i;^]part 
usuel  de  fak^  8 tester  see  propriet6s  : density  de  (xurant  de  seull.  rendenent  exteme  dlffSrentiel  ( ^ q) 
et  resistance  serie.  Les  pcoprietes  thenniques  sent  evaluees  en  Studiant  les  variattiens  du  oourant  de 


seuil  en  fonction  de  la  taifierature.  Nous  avons  verifie,  en  cKxx>rd  avec  Hayashi 
variaitlon  de  1^  en  foncticn  de  la  tenperature  moyenne  T de  jonction  est  : j * 

est  une  censtante  honogene  8 une  tenp6rature  qui  carakcterise  la  thennique. 


que  la  loi  de 
T,  -Ti 


Apgres  un  certadn  nentxe  d'eseperienoes  preiininaires  nous  ancons  retenu  les  criteres  de  selection 


suivants  : 

- densite  de  oourant  de  seuil  ^ 1800  Vem^ 

- resistance  serie  ^ 0,4  ohn  (lasers  400  x 125 

- T > 120”  K. 

2.  Oontr&le  du  cllvage  et  sclage 

Ces  operations  ne  posent  plus  de  probiemes  irqxsrtants.  Seulanent  0 8 5 % des  puoes  sont  eiiinlnees 
8 oe  stade  par  tri  visuel. 


3.  'nri  sous  pointe  des  puoes  lasers  avant  soudure 

Ce  test  oonslste  en  un  trace,  en  regime  Infxilsionnel,  de  la  caracteristlque  Puissance  optique  > 
F(oourant  de  polarisation) . la  fig.  2 represents  un  histograiiiie  des  ocurants  de  seuil  (1^)  des  lasers 
12  ^,um. 

Au  oours  de  oe  tri,  les  lasers  dont  est  tr  .p  eieve  (I^  > 200  mA  pour  les  lasers  12 sent  eii- 
mines.  Les  puoes  sont  egalement  triees  visuellement;  oelles  qui  presentent  des  dAfauts  tels  que  protube- 
rances, raiyures,  trous  dans  les  ocntacts  otmiques,  etc  ...  sont  ocnslderees  oemne  mauvalses.  Au  total 
10  8 20  % des  puoes  sont  eilmirees  au  oours  du  tri  sous  pointe. 

4.  Cau:ax:terisatlon  des  lasers  aprAs  mcntaige 

Nous  ocntrSlcns  de  fagon  systAmatique  sur  chaque  laser  les  pauranetres  suivants  : 
oourant  de  seuil,  rendatient  exteme  diffArentiel  I en  regimes Impulslonnel  et  oontinu,  resistance  s6rle, 
diagranncSd'&nisslon  en  chanp  proche  et  lolntadn  et  la  resistance  themique  R^. 

Pour  une  oouche  6pltaxlale  domAe,  est  determine  8 paurtir  du  dAcadage  en  longueur  d'onde  du  q>ec- 
tre  d'Amission.  R^  est  ooifaris  en  gAnAral  entre  20  et  35”  CH  ^ pour  les  lasers  12 yirni.  Les  etudes  de 
durAe  de  vie  dAcrites  au  paragraphe  sulvant  ont  montrA  que  les  laisers  dont  R^j^  > 50”  CW  ^ sont  8 Alimi- 

ner  8 cause  d'une  durAe  de  vie  Insufflsante. 


5.  Tests  de  durAe  de  vie 

Un  test  de  prAvielllissanent  est  effectuA  de  faigcn  systAmatique  sur  les  lasers  8 structure  ruban. 

La  puissance  lumineuse  Inltlade  est  fixAe  8 5 nM  et  le  oourant  est  malntenu  constant. 

Ces  tests  ont  montrA  que  certains  lasers  ont  des  durAes  de  vie  infArieures  8 200  heures  environ.  Par 
centre  oeux  qui  ne  sont  pas  dAgradAs  de  faigon  significative  au  terme  de  ces  200  heures  ont  des  durAes  de 
vie  supArleures  8 1 000  heures  en  gAnAral.  Des  tests  de  plus  longue  durAe,  aKrtuellement  en  oours,  ont 
montrA  pour  certains  lasers  des  durAes  de  vie  supArleures  8 10  000  heures. 

Certains  des  lasers  8 faible  durAe  de  vie  prAsentent  des  dAfauts  tels  que  protuberances,  trous  dans 
les  contacts,  bavures,  etc  ....  qui  s'aoaciq|>aqnent  d'une  augnentatlon  de  la  resistance  thermique,  done  de 
la  tenf)6rature  moyenne  de  jcnction  en  fonctlonnonent  oontinu. 

Cette  elevation  de  tenpArature  ne  si.fflv  <as  8 egqiliquer  ocnplietement  une  degradation  aussl  raplde. 

Uh  autre  mAcaeiione  de  degradation  doit  intervenir  8 oe  stade.  Nous  pensons  que  oe  sent  les  oontralntes 
2tBsociees  ai  processus  de  fabrication  qui  acoAlArent  la  degradation. 

Nous  pensons  que  mBme  pour  les  lasers  qui  dAgrixlent  rapldement  sans  dAfaut  d'aispect  appeurent,  une  des 
causes  prepondArantes  de  oette  degradation  peut  Atre  la  oontrainte  indulte  m oours  du  processus. 

II  paralt  done  oemm!  trAs  inportant  afln  de  pouvoir  optimlser  notre  processus  de  fabrication  et  dans 
le  but  de  verifier  oette  hypothAse  d'Atudier  1' influence  des  diffArents  types  de  oontralntes  sur  le  oaipcr- 
tansnt  des  lasers. 
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raSEME 

Un  prablAne  ijifxjrtant  rencontre  lore  de  la  fabrication  des  diodes  lauaers  est  lie  i la  difficult^  de 
reprodulre  de  fafon  satlsfalsamte  leurs  caracterlstlques.  Les  diodes  lasers  fabrlquees  dans  notre  labo- 
ratoire  sont  du  type  double  h6t6rostructure,  de  zCne  emettrlce  \2/im  locallsCe  par  liiplantatlon  protoni- 
peu  profonde. 

A chaque  etape  Inportante  de  la  fabrication  (depfit  des  contacts  ctnlques,  clivaige,  sciage,  soudure) 
des  tests  sont  effectuSs  de  fagon  i verifier  la  quallte  de  1 'operation.  L' Influence  de  diacune  de  oes 
operations  sur  les  caracterlstlques  des  lasers  a ete  etudiee.  Eb  partlculler  le  rOle  des  oontradntes 
Indultes  au  oours  du  processus  a ete  mis  en  evidence. 

D'autre  part,  des  cxltAres  de  selections  ont  ete  determines  de  fagon  i eilminer,  aussl  rapldanent 
que  possible  eni  oours  de  la  fabrication  les  elements  dont  les  caracterlstlques  seralent  insufflsantes 
pour  les  appllc2ttlons  oomiunlcatlons  optlques. 

On  a obtenu  alnsl  une  reduction  notable  de  la  dispersion  des  ceuracterlstlques  des  lasers. 

gumAPY 

Tbe  most  in(x>rtant  problan  enoountered  for  the  production  of  leisers  diodes  is  the  difficulty  to 
reproduoe  satisfactory  perfomnanoe  for  these  light  anitters. 

In  this  paper,  we  present  the  main  results  of  a study  perfarmed  with  the  aim  of  IjTprovlng  the 
reproducibility  of  these  ocnponents. 

The  lasers  diodes  designed  in  our  labQr2ttory  are  of  double  heterostructure  type,  groim  on  GaAs 
substrates;  they  have  an  ardttlng  stripe  of  12^um  wide  formed  by  a shallow  proton  iaplantatlon. 

At  each  lnportant  step  of  production  (deposition  of  otmlc  contact,  cleaving,  sawing,  bonding) 
tests  have  been  set  up  to  check  the  quality  of  the  operation.  The  Influence  of  these  operations  on  the 
characteristics  of  the  lasers  Is  discussed.  The  influence  of  the  stresses  induced  during  the  process 
Is  pointed  out. 

On  the  hand,  criteria  have  been  derived  to  eliminate  at  early  stage  the  chips  vhlch  would  have 
exhibit  Insufficient  characteristics  fc3r  optics!  cxaniunlcstlon  applications. 

As  a general  result  of  this  study,  a reduction  in  the  dlsperslcn  of  the  performancoes  has  been 
achieved  for  the  lasers  produced  through  these  tests  set  up  along  the  produchlcxi  line. 

I.  PmCDUCTION 

Des  progrSs  cxnsldSrables  ant  6t6  rSalls^s  <oes  demlAres  ann6es  dans  le  doislne  des  lasers  i soni- 
conducteurs.  Un  certain  nonbre  c]e  labcoratolres  cnt  cbtenu  des  lasers  ayant  fcechlonnC  en  centlnu  pendant 
plus  de  10  000  heures^^^  . Nous  avons  Sgalement  obtenu,  au  labcoratolre,  de  tels  lasers.  Tcxitefols 

s' 11  est  relatlvanent  als6,  achuellenent,  de  r^allser  c]uelciues  lasers  prCsentant  de  bames  cerach£rlstl- 
c^ies  csptlc^s  et  une  dur6e  de  vie  de  cet  cnrdre,  11  est  plus  difficile  d' avoir  une  bonne  reproduchiblllt£ 
de  fabricetlce  et  surtcut  de  pr6volr,  A prlcorl,  la  durSe  de  vie  de  (oes  cxnpiosants. 

Ce  manc]ue  de  reproduchlblllt£  peut  Stre  attrlbu^  aux  d£fauts  exlstants  dans  les  cxuches  Spltaxlales 
et  A coeux  Introdults  par  le  prcxoAdS  de  fabrlc^itlon . 

Ncus  avons  prec^fidenment  eUxrdfi  le  probl&ne  de  la  reproduchibllltS  de  fabrlc:atlcxi.  Dans  le  present 
article  nous  pr^clsons  1' influence  de  oertadns  pareroAtres  et  plus  partloillAronent  Oes  ocntradntes  d6ve- 
lopp6es  lors  de  la  fabr legation. 

II.  FABRICATICJJ  EES  lASERS 

les  lamers  utilises  sont  du  type  double  heterxsstructure,  A geonAtrle  ruban,  permettant  un  fcxichlon- 
nonent  en  cxxitlnu  A tenperature  emblante. 

Les  epalsseurs  et  cxnpc^sltlons  des  cxxiches  6pltaxlades  scxit  donnSes  dans  le  tableau  I. 

Les  cxntzKhs  chmlques  sont  oonstltuSs  d'un  depOt  metalllque  adlie  (AuSifTe/Au)  oOtA  substrat  et  d'un 
depfit  non  allie  (Tl/Pt/Au)  chte  fipltaxle.  Aucxine  diffusion  de  zinc  n'est  effechu6e  oar  chtte  eperatio) 

ne  s'avAre  pes  indispensable  A I'obtentlori  de  bens  cxhtacts.  La  resistance  de  cxxitach,  c:Ote  epltaxie, 

-5  2 

reste  dans  oes  cndltlcns  Inferleure  A 10  ohm. cm  . 

La  zflne  achlve  est  Icxellsee  par  Inplantatlcn  protcnlcjue  peu  profonde.  Les  plaquettes  sent  alors 
cllvees  au  pas  de  400 ^ puls  les  barrettes  chtenues  sent  sciees  en  puces  eiemsntalres  de  4G0K300yiin.  Les 
puces  sont  ensulte  sendees  A I'lndlim  sur  un  rallateur  de  cnlvre  dor6.  Le  cxxitact  superleur  est  (xnstltu6 
d'un  ruban  d'or. 

La  fig.  1 montre  un  laser  realise  au  laboratolre. 

Le  processus  de  fabrication  alnsl  que  les  oontrOles  effechues  sont  resixnes  dans  le  tableau  II. 
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IV.  INFLUEUCE  EES  CCWTOUNroS  SUR  lA  raPROCUCTIBILrra: 

Les  puoes  lasers  sont  soumlses  essentlellanent  i deux  types  de  ccntralntes  : 

- les  oontralntes  d'Spltaxie  dfiveloppSes  pendant  la  crolssance  des  cxxiches. 

Elies  cnt  ete  calcuiees  a partlr  des  differences  de  coefficients  de  dilatation  thermlque  des  couches. 

8 “*2 

Elies  sont  pour  nos  plaquettes  de  I'ordre  de  0,5  a 1.10  dynes  cm  (au  niveau  de  la  zone  active) . 

- lies  contraintes  dues  a la  soudure 

Les  mesures  de  photoeiasticimetrle  effectu6es  au  laboratoire^^^  ont  mcntre  qu'elles  etalent  fcnction 

du  type  de  soudure  utlllsee.  Elies  sont,  dans  le  cas  d'une  soudure  Or-Etaln,  par  exerple,  de  I'ordre 
9 -2 

de  10  dynes  an  . L' utilisation  de  I'indlun,  plus  ductile  que  I'or-fetciln  permet  de  rfiduire  cette 
oontrainte  d'un  ordre  de  grandeur. 

Les  V2deurs  des  diffarentes  oontralntes  alnsl  que  quelques  propriStas  mScanlques  de  I'AsGa  sont 
portaes  dans  le  tableau  III. 

8 "2 

I^  pression  utlllsae  lors  de  la  soudure  (0,1  a 0,2  10  dynes  an  a ata  cholsie  de  fagon  a atre 
infarieure  aux  autres  oontr^Llntes  exlstantes.  L'effet  de  I'appllcatlon  d'une  ccntralnte  plus  lirportante 

g 

lors  de  la  soudure  est  lllustra  sur  la  fig.  3.  On  remarque  que  les  ocntralntes  suparleures  a 2.10  dynes 

-2  . (7) 

on  , c est-a-dire  suparleures  a la  llmlte  de  gllssement  des  dislocaticns  avaluae  par  NANNIOII  , entral- 

nent  une  nDdificatlon  de  la  oourbe  P(I) , qui  car^u^tarise  une  dagradatlon  infiortante  des  lasers. 

Dans  les  conditions  oil  sont  raallsas  les  lasers  les  contr2dntes  exlstantes  sont  Infarieures  a 
8 ~2 

2.10  dynes  on  , Dependant  I'existence  de  dafauts  superflciels  (protubaranoes,  rayures,  etc  ...)  ou  de 
poussiares  peut  induire  looalement  des  ocntr^Untes  tras  aievaes. 

L' influence  des  oontralntes  localisaes  a ata  mlse  en  avldence  en  dagradant  volontalrement  au  moyen 
d'une  pointe  de  dianant  d'un  mlcrodurcinatre  Viclcers  des  lasers  de  12,25  et  50^,(jn  de  large. 

Les  forces  appllquaes  (13  4 g.)  sont  telles  que  la  pointe  de  dlamant  perturbe  les  couches  superfl- 
clelles  GaAs  et  GaAlAs  sans  panatrer  dans  la  oouche  active. 

Les  courbes  P(I)  ont  ata  traoaes  en  ragime  Ijipulsionnel  avant  et  aprds  dagrctdatlon. 
cn  peut  rasoner  les  observations  de  la  fagon  suivante  : 

- Lasers  12 ^un 

L' application  de  la  pointe  sur  le  ruban  laser  modifie  oonsldarablonent  la  courbe  P(I)  (voir  fig.  4) . 

Pour  les  lasers  prasentant  une  caractarlstlque  P(I)  llnaaiire  il  y a app>aritlcn  de  non  linaarlta  ou 
"ooudes”.  Pour  ceux  prasentant  daja  des  "ooudes"  11  y a modification  de  leurs  position  et  amplitude. 

L' application  de  la  pointe  nftre  en  dehors  du  ruban  entr2dLne  une  modiflcatian  notable  de  la  oourbe  P(I) . 

Sur  la  fig.  5 on  peut  voir  l'effet  d'une  dagradatlon  locallsae  a 12^iin  du  ruban. 

- Lasers  25  et  SO^im 

Les  nAnes  oontralntes  looallsaes  appllquaes  aux  lasers  25  et  50^,uin  ne  pertuzbent  pas  d'une  fagon  signi- 
ficative les  courbes  P(I);  voir  fig.  6. 

II  saihle  par  oonsaquent  que  les  lasers  12 solent  extiAnement  senslbles  aux  oontralntes  localisaes. 

Notons  qu'un  grand  nonbre  de  lasers  12 /m  (ou  d'une  maniare  plus  ganar^d.e  10  a 20 /n  cnt  une  caractarls- 

(8)  (9)  ' ' 

ti^ie  non  llnaaire  . Oi  peut  done  penser  que  I'existence  de  oes  non-lina^uritas  est  Uae  aux  oontraln- 
tes localisaes  dues  aux  dafauts  des  couches  apitaxiaes. 

Afln  de  varlfler  l'effet  des  oontralntes  Icxallsdes  a 180°  C lors  de  la  soudure  a I'indlun,  nous  avons 
interpoea  entre  la  puce  laser  et  le  dlssipateur  thermit^  des  poussiares  de  oorlndon  de  10 ^,iin  environ. 

La  rapartltion  et  I'anplltude  des  oontralntes  sont  molns  blen  dafinies  que  dans  le  cas  des  ess^ds  praca- 
teits;  boutefois  les  phanonanes  observas  (voir  fig.  7)  sont  analogues.  la  durae  de  vie  de  tels  lasers 
est  tras  oourte.  On  peut  done  oonclure  que  oe  sont  les  dafauts  des  couches  et  aventuellonent  les  pous- 
siares qui  sont  essentiellenent  responsables  des  dagr2Klatlons  rapldes  des  lasers. 


V.  OCWCLUSICW 

Pour  une  oouche  apltaxlale  donnae,  I'nparaticn  qui  affecte  le  plus  la  reproducrtibllita,  et  surtout  la 
durae  de  vie,  est  I'oparatlon  de  montage  des  lasers. 

effet,  au  monent  de  la  soudure  des  puces  sur  le  radiateur  oelles-cl  sont  soumlses  a des  oontralntes 
homoganes  (pression  sur  la  puce)  et  souvent  a des  oontraUintes  local  Isaes  dues  aux  dafauts . 

Oes  oontralntes 

- modlfient  le  courant  de  aeull, 

- cntralnent  I'apparlticn  de  non-llnaarltas  Cliinlcs'')  dans  la  oourbe  Pulsaanc»  •P  (intan- 
slta) , surtout  pour  les  lasers  a structure  ruban  de  12 ^ de  largeur. 
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- dljnlnuent  la  dur6e  de  vie  det'  lasers. 

reduction  des  oontralntes  tout  au  Icr.g  du  proc6d£  de  fabrlcatlcn  (presslcn  de  soudure  falble 
S 2 

0,1.10  dyne/on  , eilinln2(tlor  des  poussieres  et  des  dgfauts,  etc  ...)  2issocl6e  3 un  cxxitrOle  6trolt  des 
qpfiratlons  effectufies  permet  de  dlmlnuer  notablanent  la  dispersion  des  caract^rlstlques  des  lasers. 

L'ensenble  des  precautions  prises  lors  de  la  fabrication  peznet,  aprSs  elimination  par  trl  vlsuel, 
trl  sous  polnte,  pre-vlellllssement,  d'obtenlr  de  fagon  reproductible  des  lasers  presentant  des  durees 
de  vie  geurantles  superleures  a mllle  heures. 
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Tableau  I 


TAgI£W.1  II 


Operations  effectuees 


OontrAles 


Crolssanoe  epltaxlale  des  aouches 


Contacts  ohnlques 
Tl/Pt/Au  (o8te  epltaxle) 
AuSntte/Au  (a5te  substrat) 


Realisation  de  la  structure  ruban 
(Inplantatlon  protonlque) 

1 

Cllvage 




Scl^e 

I 


verification  optlque  des  couches. 
Sclage  des  parties  presentant  des 
defauts 


Realisation  de  lasers  larges 

- denslte  de  oourant  de  seull 

- reslstanoe  serle 

- quallte  contacts  ohntlques 

- proprietes  thermlques 


verification  de  la  quallte  du 
cllvage 


Soudure  a 1' Indium 

i 

Contact  superleur 

Pre-vlellllssement 


I Trl  sous  polnte 

Distribution  des  oourants  de  seull 


Defauts  trl  vlsuel 


f Caracterlsatlon  P(I),  V{I) 
Resistance  theimlque 
Dlagrenmes  de  rayonnements 


L 


Spectre  optlque 


1^ 

TABIfyi  III 

I^Dur§e  de  vie 

Nature  des  oontralntes 

20°  C 180°  C 

dynes  an“2 

Reslst2moe  a la  rupture 

2. 

10^0 

Limits  de  gllssenient  des 
dislocations 

10.108<"> 

2.10® 

Ccntralntes  reslduelles  dans  la 
oouche  active 

0,5  a 1.10® 

0,4  a 0,8.10® 

Ccntralnte  exer-ae  lore  de  la 
soudure  (presslon  sur  la  puoe) 

0,1  a 0,2.10® 

0,1  a 0,2.10® 

Ccntralnte  de  soudure  ; In 

10® 

coefficients  de  dllata-  i M-Sn 
tlon  : 

10® 

(■•■)  valeur  estlmee  par  Nannlchl  et  ool. 
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PHYSICS  AND  TECHNOLOGY  OF  DEGRADATION  IN  GaAi  LIGHT  EMITTING  DIODES 

G.  Zieschmar 

Naval  Ocean  Systems  Center 
San  Diego,  California  92IS2 

Oeep-induceU  lattice  defects  caused  by  thermal  stress  in  the  junction  area  have  long  been  believed  to  be  a possible  source  for 
light  emitting  diode  (LED)  degradation.  The  increased  number  of  lattice  defects  causes  an  increase  in  nonradiative  recombination  cen- 
ters. resulting  in  a shunt  path  which  decreases  the  efficiency  at  constant  current.  This  presentation  is  an  attempt  to  cast  these  ideas  into 
a quantitative  theory  and  report  the  results  of  novel  experiments  relating  td  the  matter. 

In  1973,  Reinhart  and  Logan  1 1 1 extended  Timoshenko's  calculation  (2|  of  the  bimetal  strip  to  a heterojunction.  The  result  is 
a stress  level  of  approximately  10^  dyne/cm^  caused  by  the  different  thermal  expansion  coefficients  at  the  interface.  No  assessment  of 
the  stress  at  the  junction  caused  by  the  spatial  thermal  gradient  from  the  hot  junction  to  the  heat  sink  has  been  reported.  Since  the  bulk 
of  the  heat  is  generated  in  or  near  the  junction  whose  thickness  is  much  less  than  the  thickness  of  the  chip,  we  may  approximate  the  tem- 
perature distribution  by  a linear  function  throughout.  The  chip  in  the  heated  and  nonheated  situation  looks  like  figure  I . 

X 


The  stress  is  calculated  by  making  use  of  the  fact  that  for  a linear  temperature  distribution  free  of  stress,  the  body  bends.  The  x 
component  of  the  displacement  u.  is  in  our  case  given  as  1 2 1 


u » a { xfPFRjp  +Tj)+:^(x2-y2-z-)} 


(1) 


where 

u = X component  of  displacement 
a = thermal  expansion  coefficient 

P “ electrical  power/unit  area  dissipated  between  d^,  < x < d^  dj 
R^p  = thermal  spreading  resistance,  F > area  of  chip 
Tj  ^ ambient  temperature.  X « thermal  conductivity 

From  this  we  get  the  bending  radius  r: 

'r'“3y2  3z2  ^ 


(2) 


This  result  is  rigorous.  The  approximations  of  the  theory  of  plates  and  shells  are  implied  if  we  connect  the  bending  radius  with  the  desired 
stress  1 3) 


I Ex  aP  Fx  aEilT(x) 
y r I -v  X I -V  I -V 

E ■ modulus  of  elasticity,  v • Poisson  ratio,  o ‘ stress 


(3) 


The  result  is  correct  if  diodes  are  mounted  p side  down.  The  last  term  in  equation  (3)  gives  the  stress  in  terms  of  the  temperature  differ- 
ence AT.  A .ypical  number  would  be  a stress  of  10^  |dyne/cm2)  at  a temperature  difference  of  IOO°C.  We  refer  to  reference  |4|  for 
discrepancies  in  junction  temperature  determination.  Higher  temperatures  and  stresses  have  to  be  anticipated  if  the  diode  works  in  pulsed 
operation.  Indeed,  enhanced  degradation  has  then  been  observed.  1 5 J , |6|  Based  on  these  results  it  can  safely  be  inferred  that  thermal 
stress-induced  creep  is  a serious  possibility  in  GaAs  diodes,  although  the  critical  resolved  shear  stress  at  these  temperatures  is  not  exactly 
known.  |7| 

Recently,  Brantley  and  Harrison  |8|  as  well  as  Eliseev  and  Khaidarov  |9|  demonstrated  experimentally  that  additional  externally- 
applied  mechanical  stress  increases  the  degradation  of  a LED.  Their  work  was  incomplete  in  the  sense  that  the  junction  temperatures  were 
not  given  and  no  attempt  was  made  to  separate  the  applied  stress  from  the  influence  of  current  and  heat.  Nevertheless,  the  reported  pre- 
cipitous onset  of  accelerated  degradation  at  a threshold  level  of  approximately  2 X 10^  dyne/cm2  furthermore  underlines  strongly  the 
role  of  creep  in  degradation. 
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Figure  4.  Degradation  Rate  versus  Applied  Stress  in  GaAs  LED. 

The  current  density  employed  in  this  study  is  very  low,  ~ SO  A/cm^.  That  means  the  applied  external  stress  is  not  obscured  by  an  addi- 
tional thermal  stress.  This  may  be  a reason  for  the  somewhat  more  complicated  results  of  Eliseev  and  Khaidarov.  [9)  The  break  in  their 
curve  indicates  the  effect  of  a critical  stress.  Unfortunately,  they  do  not  report  their  current  levels  either. 

CXir  next  step  was  to  find  out  if  degradation  occurs  if  diodes  are  subjected  only  to  external  mechanical  stress.  The  results  shown 
in  Tigures  S and  6 represent  the  degradation  in  light  output  of  two  identical  LEDs  subjected  to  the  same  uniaxial  stress,  the  only  differ- 
ence being  that  LED  No.  7-1  had  no  current  flowing  except  for  the  brief  period  during  which  the  light  output  was  measured.  That  means, 
for  die  chosen  stress  and  temperature,  an  equivalent  degradation  can  be  produced  by  stress  akme,  i.e.,  in  the  absence  of  electron-hole 
recombination. 


2.1  X lO"®  ttc- 


- 

— 

LEO  #6-1 

T - 26°C 

Ip  • 25  mA 

- 

®11  - 4.01  X 10®dvn/cm2 

1 1 

DATA  OF  10-25-76 

1 1 1 1 1 1.. 

6 8 10  12 
l (hr») 

Figure  5.  Degradation  with  forward  biai. 


2.2  X 10"*  wc 
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LED  #7-1 

T - 26°C 
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DATA  OF  10-2B.76 

1 1 1 1 

4 6 8 10  1 

t (hr*) 

Figure  6.  Degradation  without  forward  biai. 
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Theory  of  Degradation 


One  assumption  is  that  the  stress  induced  increase  in  lattice  defects  gives  rise  to  a non  radiative  shunt  path  by  increasing  the  num- 
ber of  nonradiative  recombination  centers,  leaving  the  number  of  radiative  centers  constant.  The  natural  starting  point  is  the  simple  two 
path  model  for  the  quantum  efficiency  »)(t):  110) 


I 1 

. f>nr<*)“op  / Enr-Er\’ * +“'’nr<*> 


(5) 


where 

p^j(t)  = density  of  non  radiative  recombination  centers 
pj  = density  of  radiative  recombination  centers,  assumed  constant 
Ef  = their  respective  energy  levels 
Oq,  ^ ~ nonradiative,  radiative  capture  rates 

n,  p = electron,  hole  densities 

Ihe  constant  a is  the  product  of  all  the  factors  in  the  second  term  of  the  denominator  except  f>nr(‘) 

An  expression  connecting  the  increase  of  stress-induced  lattice  defects  with  time  t can  be  found  from  the  work  by  Peissker,  Haasen, 
Alexander:  1 1 1 1 

dN  = NvSdt  (6) 

where 

N<t)Icm"^|  = density  of  dislocation  lines 
V = K-)(o  - A^N)"’e'^/*‘^  the  dislocation  velocity 

6 = K|(o  - A VN)"  the  dislocation  multiplication  factor 

0 - As/N  = effective  shear  stress  acting  on  the  dislocation 

A ~ work  hardening  term, 

2»(l  -v) 

G = shtar  modulus,  B = Burgers  vector,  n,  m = empirical  kinetic  parameters,  not  necessarily  integer 

In  order  to  make  use  of  equation  (5),  we  have  to  connect  the  density  of  dislocation  lines  with  the  density  of  nonradiative  recombination 
centers.  In  the  assumed  nonconservative  climb  motion,  a trail  of  point  defects  is  left  behind  the  moving  dislocation  [12).  We  therefore 
connect  N with  by: 

p„(t)=N(t)/ao  (7) 

where 

ag  = atomic  diameter 
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Integration  of  (6)  therefore  leads  to: 


N(t) 


dN 


dN 


» f 

Ke-Q/kt  ^ Nfo-Av/N)"'^'"  J N(o  - Av/N)"'*™ 

*^o  *opnr^^ 


Q/kt 


(8) 


From  purely  mechanical,  plastic  deformation  measurements  the  kinetic  parameters  n and  m were  determined  for  CaAs  by  Osvenskii  et  al. 
[I3).|14i  as: 


n + m = 3 


(9) 


Using  (S)  and  (7),  the  light  out-rut  L(t)  can  be  written  as: 


Ut)  = 


'+®pnr(*>  |+±N(t) 

^0 


(10) 


where  B > constant  of  proportionality.  Substituting  ( 1 0)  in  (6)  gives: 

*0 

^Q/kT 


t 


/ 


dN 


Nn 


Nfo-Av/N)""*™ 


(II) 


which  is  a degradation  formula  with  several  adjustable  parameters  suitable  for  a least-square  flt.  Figure  7 shows  a characteristic  example. 


Figure  7 


No  attempt  for  a least  square  fit  will  be  made  unless  all  but  two  parameters  are  determined  with  sufficient  accuracy.  Of  grc  iter  importance 
is  the  dependence  of  dL/dt  on  stress:  By  differentiating  (8)  and  (10)  with  respect  to  time,  eliminating  N,  we  receive: 

dL.pn5Le:S^^^l„.A^,nFm 

which,  using  (9),  lenders  the  important  result: 


in  agreement  with  our  measured  result  (4).  That  means,  we  established  a quantitative  link  with  the  measured  change  in  light  output  as  a 
function  of  stress  and  dislocation  kinetic  properties  measured  independently  by  purely  mechanical  means. 
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SUMMARY 


Semiconductor  lasers  have  now  largely  overcome  the  early  problem  of  unreliability  following 
intensive  investigations  into  the  degradation  mechanisms.  Now,  Si02  stripe  geometry  GaAs/(GcAl)A8  lasers 
have  consistently  shown  that  they  are  capable  of  providing  a c.w,  output  of  3 to  S mW  for  more  than 
10  000  hours,  making  them  ideal  sources  for  wide  band  optical  conraunications  systems. 

1.  INTRODUCTION 


Semiconductor  lasers  are  rapidly  being  developed  to  a stage  at  which  they  will  make  ideal  sources 
for  wide  band  optical  comnuni cat ions  systems.  Despite  early  concern  about  reliability,  recent  investigations 
of  degradation  mechanisms  have  led  to  considerable  improvements  in  working  life,  and  many  laboratories  have 
reported  10  000  hours  continuous  wave  (c.w.)  operation.  Extrapolations  now  predict  lives  in  excess  of 
100  000  hours  (HARTMAN,  R.L.  and  DIXON,  R.W.  1975). 

Although  many  of  the  proposed  optical  communications  systems  can  operate  satisfactorily  with  a 
simple  light  emitting  diode  (LED)  or  high  radiance  LED  (GOODFELLOW,  R.C.,  1974),  the  advantage  of  a laser's 
much  higher  radiance  frequently  makes  it  a more  attractive  proposition  even  in  relatively  narrow  bandwidth 
or  short  distance  systems.  For  example,  if  a higher  power  ca.i  1?  launched,  more  loss  can  be  tolerated  in 
cables  and  connectors,  perhaps  leading  to  an  overall  cost  advantage.  However,  it  is  in  wide  band,  long 
distance  systems  that  the  higher  power  output,  higher  modulation  efficiency,  narrower  spectral  line  width, 
and  narrower  emission  patterns  of  the  laser  make  it  the  only  practical  source. 

This  paper  describes  the  fabrication  and  performance  characteristics  of  stripe  geometry  lasers, 
suitable  for  use  with  small  core  single  mode  or  graded-index  fibres  in  systems  requiring  modulation  at  rates 
in  excess  of  250  Mbit  s~l, 

2.  LASER  STRUCTURE 


A stripe  geometry  Si02  insulated  laser  is  shown  in  Figure  1.  The  junction  structure  is  a 
conventional  double  heterostructure  with  Ga  Al^_^As  passive  layers  containing  about  3SZ  A1  and  an  active 
region  with  about  5Z  Al.  This  latter  quantity  minimizes  the  strain  in  the  active  layer  caused  by  thermal 
expansion  mismatch  between  the  GaAs  substrate  and  the  Ga  Al  As  passive  layers.  The  junction  is  produced 

by  liquid  phase  epitaxy  using  a multiple  bin  sliding  gra^ite^oat.  Layer  dopings  are  shown  in  Table  1, 
One  important  design  consideration  is  that  the  p-GaAl/As  layer  should  be  doped  sufficiently  to  prevent 
electron  leakage  at  high  tesq>eratures  (GOODWIN,  A.R.  et  al  1975)  but  not  so  highly  doped  as  to  cause 
excessive  transverse  conduction  of  current  away  from  the  stripe  region. 

Table  1 - Layer  compositions  of  a typical  double-heterostructure  Ga^Alj^_^A8  wafer. 


Layer 

l-x 

Dopant  Concentration 
in  Melt 

Carrier  Concentration 
Estimate  (cm”3) 

Substrate 

n-passive 

0.0 

0.35 

5 at  Z Sn 

■v  10^® 

•V  10l7 
■p  10^’ 

Active 

0.05 

0.3  at  Z Si 

P'^passive 

0.35 

0,2  at  Z Ge 

■p  10l7 

p*contact 

0.0 

0.2  at  Z Ge 

4 X 10^^ 

After  growth  the  epitaxial  wafers  are  carefully  selected  for  freedom  from  crystallographic  defects 
such  as  dislocations  and  stacking  faults  because  they  cause  rapid  degradation  during  c.w,  operation 
(De  LOACH,  B.C.  et  al  1973  and  YONEZU,  H.  et  al  1974).  Suitable  wafers  are  coated  with  SiOn  using  radio 
frequency  plasma  deposition  and  15  pm  wide  stripes  are  then  opened  using  conventional  photolithography. 

A shallow  Zn  diffusion  produces  a highly  doped  p'^  surface  in  Che  stripe  region  which  assists  the  formation 
of  a low  resistance  ohmic  contact  by  subsequent  evaporation  of  Ti-Au  layers.  After  forming  the  contacts, 
the  wafer  is  cleaved  into  strips  to  produce  the  reflecting  surfaces,  then  cleaved  again  to  form  dice 
approximately  4(X)  pm  square  with  an  active  stripe  area  in  the  centre  of  each  die.  Dice  are  bonded  Co  a 
copper  heat  sink  using  indium  solder;  a soft  metal  such  as  Indium  is  used  to  minimize  residual  strain  in 
the  chip. 


3.  OUTPUT  CHARACTERISTICS 

Provided  that  the  basic  junction  structure  has  a low  threshold  current  density  (10(X}  to  2000  A cm~^) 
and  reasonable  teoperature  coefficient  (GOODWIN,  A.R.  et  al  1975),  and  that  Che  thermal  resistance  of  the 
bond  is  low  (10  to  20  KW~^),  c.w.  operation  is  easily  achieved  at  heat  sink  Ceiq)aratur9s  up  to  3S3K, 

Figure  2 shows  the  smasured  variation  of  threshold  current  with  tesperature  for  a typical  device. 
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The  light  vcriui  current  cheracterietici  of  tvo  laeere  are  ahown  in  Figure  3.  Later  (a)  it  a well 
behaved  device  with  an  output  that  increaaet  tnoothly  to  about  10  bM  at  a current  25  mA  above  the  threthold. 
The  ateep  region  jutt  above  the  threthold  it  probably  cauted  by  taturation  of  the  optical  abaorption  in  the 
fringe  regioni  on  either  aide  of  the  ttrlpe.  Here  the  carrier  dentity  it  below  chat  required  for  gain  at 
threthold  but  the  regiont  becone  'bleached'  cauaing  a reduction  in  the  required  gain,  thut  reducing  the 
apparent  threthold  at  Che  light  intent! ty  increaaet. 

Later  (b)  in  Figure  3 it  a lett  perfect  device  in  which  tignificant  kinkt  or  changea  of  alope  occur 
in  Che  output  characterittict  at  powert  well  below  10  mW,  Thit  type  of  behaviour  it  thought  to  be  due  to 
non-unifomiciet  in  the  active  layert;  in  unifom  material  a high  proportion  of  atripe  laaert  behave  like 
later  (a). 

In  eemiconductor  lasera  a tignificant  noite  amplitude  is  alwayt  auperinpoaei  on  the  dc  light  level. 
Thit  noise  it  due  Co  aigilif ication  of  quantum  fluctuations  and  ahowt  a reaonance-like  frequency  variation 
related  to  the  small  signal  modulation  response  where  the  peak  amplitude  occurs  at  a frequency  fg  determined 
by  the  overdrive  above  threshold.  In  the  lasers  described  here,  fg  varies  from  about  100  MHz  just  above 
threthold  to  1000  MHz  at  the  drive  current  corresponding  to  the  maximum  output  of  10  nM, 

In  Figure  3 Che  rma  noite  power  it  plotted  against  Che  vertical  (light)  axis  for  the  two  lasers. 

To  represent  noite  at  it  would  affect  a real  system,  the  bandwidth  of  Che  noite  detection  system  was  limited 
to  ISO  MHz.  This  gives  a noite  peak  near  the  threthold  where  the  peak  of  the  noite  spectrum  lies  within 
this  bandwidth,  and  a much  lower  sieasured  noise  at  higher  currents  where  the  peak  is  outside  the  detection 
bandwidth.  In  lasers  with  poor  output  characteristics,  such  as  (b)  in  Figure  3,  high  noise  levels  or  self- 
pulsing are  frequently  observed  at  higher  drive  currents.  Although  usually  at  a high  frequency,  this  noise 
shows  in  Figure  3 partly  due  to  poor  rejection  by  the  150  MHz  filter  at  frequencies  approaching  1000  MHz. 
Lasers  operating  in  chit  region  are  not  suitable  for  cooDunications  applications  and  are  not  considered  any 
further.  In  a well  behaved  laser  the  noise  asplitude  depends  on  the  steepness  (incremental  efficiency)  of 
the  output  characteristics  and  for  good  devices,  such  as  (a)  in  Figure  3,  is  of  the  order  of  10  pU  rms  at 
power  levels  from  1 to  10  mW. 

4.  LASING  SPECTRA 


Figure  4 ahowt  the  spectrum  of  a good  Si02  insulated  atripe  laser  operating  c.w.  with  a power  output 
of  a few  milliwatts.  Although  a few  siinor  peaks  occur,  the  main  power  is  concentrated  in  a single 
longitudinal  mode.  Thit  behaviour  is  typical  of  good  uniform  devices  although  frequently  2 or  3 modes  may 
be  present  in  some  current  ranges.  Non-uniform  or  self-pulsing  lasers  often  exhibit  a broad  spectrum  but 
this  is  not  typical. 

When  the  bias  current  it  increased  the  junction  teaq>erature  changes  and  the  predoislnant  mode(s)  shift 
to  longer  wavelengths  at  about  0.3  nm  K~l.  There  is  also  a slower  wavelength  shift  of  about  0.05  nm  K~^  by 
the  individual  inodes  but  thit  is  insignificant  for  most  systems. 

5.  LASER  EMISSION  PATTERNS 


In  the  plane  parallel  to  Che  junction  the  controlling  factor  is  the  optical  guiding  by  the  stripe. 
Guiding  is  provided  by  a combination  of  gain  guiding  and  carrier  concentration  profile  guiding 
(KIRKSY,  P.A.  et  al  1977)  as  indicated  by  the  beam  astigmatism;  the  beam  waist  in  the  plane  of  the 
junction  it  ditplaced  outtide  the  laser  mirror  for  20  urn  wide  stripes  and  inside  for  10  um  wide  stripes 
because  Che  nature  of  the  emission  is  not  Chat  of  a plane  wave.  An  experimentally  measured  far-field 
pattern  it  thorn  in  Figure  5.  The  full  width  to  half  intensity  is  about  5°  in  this  sample  and  over  the 
power  range  -ip  to  10  aU  the  eisiasion  is  all  in  the  zero  order  sx>de . 


6.  MODULATION 

6.1.  Analogue  Modulation 


When  a laser  it  biased  continuously  above  threshold  and  a small  modulation  signal  is  applied  to  the 
current  drive,  the  response  can  be  calculated  from  the  rate  equations  (IKEGAMl,  T.  eC  al  1970).  The 
retponte  it  expected  to  show  a resonance-like  behaviour  as  a result  of  the  interaction  between  the  photon 
population  and  injected  carrier  concentration.  The  resonance  frequency  fp  at  a drive  current  I is 
approximately  given  by 


fp  ’ — 


2s 


1 (1-1^) 

T t I 
ns  c 


....  (1) 


where 

T - electron  lifetime 
n 

- photon  lifetime 
I^  - threshold  current. 

An  experiiacntally  determined  modulation  response  it  shown  in  Figure  6.  The  laser,  which  had  a 
threthold  current  of  190  mA,  was  driven  with  a constant  current  of  205  mA  and  tuperimpoted  on  thit  was  a 
12  mA  peak-to-peak  sinusoidal  modulation,  swept  in  frequency  from  10  to  1000  MHz.  The  output  was  detected 
using  a pin  photodiode  with  a retponte  time  of  lets  than  200ps  and  diaplayed  on  a spectrum  analyzer.  The 
shape  of  the  response  curve  is  at  expected  with  a flat  frequency  retponte  up  to  500  MHz  and  a resonance  at 
700  MHz.  Tha  output  level  it  of  the  order  of  1 sM  peak-to-peak  at  lower  frequencies. 

Tha  frequency  of  the  resonance  varied  from  100  MHz  at  1 to  2 sW^  above  threthold  (measured,  of  course, 
with  a much  smaller  input  signal)  to  900  MHz  at  215  mA  (25  mA  above  threthold),  and  the  value  closely 
followed  the  theoretically  expected  variation  given  in  Equation  (1). 
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Due  to  the  non-linearity  of  the  output  characteristic  of  the  Si02  inaulated  stripe  laser, 
significant  second  harmonic  distortion  was  observed.  However,  by  carefully  chooaing  the  operating 
point  this  could  be  kept  to  -17dB  (optical  power  ratio  of  2Z)  with  1 nU  output  and  -20dB  (IZ)  at  lower 
power  levels.  Much  better  linearity  would  be  obtained  from  different  structures  such  as  wider  SiO. 
insulated  stripe  lasers  or,  for  example,  the  new  buried  stripe  lasers  (SELVAY,  F.R.,  1976). 

6.2  Pulse  Modulation 

Although  many  modulation  techniques  have  been  proposed,  the  one  of  most  prscticsl  interest  is  that 
of  directly  driving  the  laser  with  a pulse  code  modulation  (pern)  current. 

When  a laser  is  pulsed  from  below  threshold  the  most  significant  feature  is  the  appearance  of 
damped  oscillations  (spiking  or  ringing)  in  tiie  light  output  . This  has  been  treated  theoretically  and 
experimentally  (IKEGAMI,  T.  et  al  1970  and  OZEKI,  T.  and  ITO,  T.  1973),  and  the  main  results  are  that: 

oscillation  frequency  depends  on  the  final  degree  of  overdrive  and  is  related  to  the  small  signal 
resoTiance  at  that  overdrive  level 

for  currents  near  threshold,  the  decay  time  of  the  oscillation  is  approximately  the  electron 
recombination  time  ('v.  3 to  S ns) 

amplitude  of  the  output  spikes  is  determined  mainly  by  the  change  in  current  imposed  by  the  sndulating 
signal 

lasing  delay  between  the  application  of  a current  step  and  the  appearance  of  the  first  spike  is  decreased 
by  increasing  the  bias  current. 

The  principsl  features  can  be  seen  in  the  experimental  results  shown  in  Figure  7 for  an  SiO.  insulated 
stripe  laser  driven  with  a variable  dc  bias  upon  which  was  superimposed  a 250  Mbit  s~^  non-retum-to-zero 
pem  signal.  The  c.w.  threshold  was  190  mA  and  the  drive  pulse  amplitude  24  mA.  The  top  trace,  with  a 
bias  of  170  mA,  shows  that  lasing  only  occurs  in  the  longer  pulses;  the  first  spike  appears  with  a delay 
of  5 ns.  At  177  mA,  spikes  are  just  appearing  in  the  shorter  pulses  and  the  delay  is  reduced  to  2 ns. 

At  183  miA,  two  spikes  can  be  seen  in  the  shorter  pulses  and  at  200  mA,  above  threshold,  the  svdulated 
light  output  is  an  excellent  replica  of  the  input  signal. 

Modulation  at  higher  frequencies  requires  care  since  spiking  will  occur  at  frequencies  comparable 
to  the  modulation  frequency.  Under  these  conditions  it  may  be  possible  to  use  the  spiking  phenomenon  to 
obtain  the  required  response  ( FARRINGDON,  J.C.  and  CARROLL,  J.E.  1975). 

6.3.  Effect  of  Modulation  on  Lasing  Spectrum 

It  has  been  reported  (IKEGAMI,  T.,  1975)  that  lasers  show  a very  broad  spectrum  during  the  first 
few  nanoseconds  of  the  output  pulse  when  modulated  with  a step  increase  in  current  from  below  threshold. 

This  is  due  to  the  considerable  upward  swing  in  electron  density  in  the  time  intervals  between  the  output 
spikes  which  causes  a larger  number  of  longitudinal  modes  to  have  above  threshold  gain  than  would  occur 
during  steady  lasing. 

Figure  B(b)  shows  the  lasing  spectrum  measured  during  an  output  pulse  obtained  by  applying  a 2 ns, 

40  mA  pulse  superimposed  on  a dc  bias  just  below  threshold.  At  least  15  modes  are  excited  giving  a spectral 
band  width  of  3 nm.  Figure  8(a)  shows  the  spectrum  obtained  with  the  same  input  pulse  superimposed  an  a 
dc  bias  current  slightly  shove  threeheld.  The  spectrum  in  Figure  8(a)  is  almost  identical  with  the  normal 
c.w.  spectrum,  except  that  the  mode  intensity  is  increased  by  the  increase  in  drive  current.  With  a real 
code  modulation  drive,  transients  and  short  term  temperature  drifts  cause  some  broadening  and  variation  in 
the  peak  wavelength.  Experiments  show  that  with  present  lasers,  the  broadening  and  drift  are  contained 
within  an  envelope  about  1 nm  wide,  the  maximum  variation  being  observed  between  a long  sequence  of  I's 
and  a sequence  of  O's.  These  results  show  that,  for  wide  band  systeims,  careful  control  of  the  bias  level 
is  necessary  to  ensure  that  the  laser  is  always  just  above  threshold  to  avoid  serious  broadening  of  the 
spectral  bandwidth  during  fast  pulsing.  Since  this  condition  is  also  necessary  to  eliminate  variable 
delay  and  patterning  effects  it  would  appear  that  a bias  control  loop  based  on  the  measured  laser  output 
will  be  necessary. 

7.  LASER  RELIABILITY 

Over  the  past  few  years,  the  degradation  imechanisms  which  seriously  limited  the  life  of  early  c.w. 
lasers  have  been  widely  studied.  Much  has  been  written  about  degradation  effects  and  it  is  now  clear  that 
the  imain  cause  of  the  short  lives  of  earlier  devices  was  the  formation  and  growth  of  dark  line  defects,  or 
related  effects.  These  are  areas  which  appear  dark  when  the  device  is  operated  as  a spontaneous  emitter 
and  viewed  with  an  infrared  microscope. 

Present  evidence  indicates  that  dark  line  defects  are  initiated  at  crystal  defects  in  the  active 
region  and  that  their  rate  of  growth  depends,  ampng  other  things,  on  residual  mechanical  strain  in  the 
device.  In  the  devices  life  tested  at  STL,  every  effort  has  been  laade  to  eliminate  crystal  defects  and 
to  use  processing  techniques  that  minimized  any  residual  miechanical  strain.  The  main  factors  in 
avoiding  crystal  defects  are: 

- choice  of  low  dislocation  substrates 

- avoidance  of  scratching  or  other  damage  during  processing  and  epitaxial  growth 

- avoidance  of  oxygen  contamination  during  epitaxy. 

The  techniques  used  to  minimize  residual  strain  are: 

- use  of  5Z  Al  in  the  active  layer 

avoidance  of  alloyed  metal  contacts  near  the  junction 

- use  of  a soft  matal  (indium)  for  heat  sink  bonding. 

Using  these  imasurea  many  batches  of  lasers  have  been  made  and  representative  saBq>les  wera  life 
tested.  Figure  9 shows  tha  variation  in  threshold  currents  with  c.w.  operation  time;  the  laser  currents 
wera  adjusted  to  give  a constant  3 to  5 sM  output.  Tha  consistency  of  the  results  is  indicated  by  the 
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fact  that  6SZ  of  all  the  laaers  tested  to  date  with  the  exception  of  early  unoptiniaed  samplea  have 
shown  degradation  rates  **It  of  between  0.3Z  and  5Z  per  1000  hours, 
dt 

The  longest  running  life  tests  have  reached  IS  000  hours  and,with  one  laser  excepted, an  entire 
batch  of  twenty  lasers  has  now  exceeded  10  000  hours  with  typical  threshold  increases  of  fron  10  to  20Z. 

A reasonable  estimate  of  time  to  failure  is  taken  to  be  the  time  for  threshold  to  increase  50Z  assuming 
a linear  variation  with  time.  On  this  basis  it  is  tentatively  predicted  that  half  of  all  lasers  made 
will  exceed  23  000  hours  operation  at  room  teiig>erature . 

These  results  show  that,  by  careful  materials  growth  and  processing,  it  is  already  possible  to  make 
lasers  with  lives  consistently  greater  than  10  000  hours.  Considerable  wo^k  is  still  required  to  identify 
the  residual  slow  degradation  mechanisms  but  the  devices  are  already  reliable  enough  for  many  systems. 

8.  CONCLUSIONS 


This  paper  has  described  the  fabrication  and  operating  characteristics  of  Si02  insulated  stripe 
geometry  double  heterostructuro  GaAs/(GaAl)As  lasers.  These  devices  were  designed  specifically  for 
coupling  to  optical  fibres  of  10  to  20  pm  core  diameter  and  are  particularly  suitable  for  pern  modulation 
at  bit  rates  greater  than  100  Mbit  s Within  certain  limitations  on  linearity  they  are  also  suitable 

for  analogue  modulation  up  to  about  500  MHz.  By  carefully  selecting  the  substrates  and  using  the  latest 
growth  and  processing  techniques  a high  proportion  of  these  lasers  have  operating  lives  of  10  000  hours  or 
more,  and  are  thus  suitable  for  many  existing  applications. 
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Figure  ft  ■ Experimental  frequency  response  of  an  SiO]  stripe  laser  with  a 
sinusoidal  modulation  of  12  mA  pcak-to-peak  and  a 205  mA  bias. 


170  mA 
172  mA 
177mA 
183mA 

189  mA 
194mA 
200mA 

Figure  7 - Response  of  an  SiOj  stripe  laser  to  250  Mbit  s"'  modulation  for 
various  DC  biis  levels.  Mcxfulation  current  is  24  mA  (shown  on  bottom 
trace).  Fforizontal  scale  is  5 ns  per  division  and  the  vertical  scale  5 mW  per 
division. 
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Design  and  fabrication  of  OaAs  light  emitting  diodes  for  optical  conunication  sjrsteas 

frith  high  transnission  capacitj 
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Lehrst.  f.  Allg.  E.-technik,TU  nuncberi.Arciastr.  21,D-8000  nunchen,W.  Germany 
Abstract 

The  physical  mechanism  of  the  time  and  frequency  behaviour  of  LED's  is  inTsstigated. 
As  a result,  it  is  demonstrated  that  two  time  constants,  the  electron  life-time  and 
the  tine  constant  due  to  the  diode's  space-charge  capacitance,  govern  the  cigh  fre- 
quency 3>erformance  of  a LEO.  A model  is  presented  which  des-.ribes  the  influence  ot  the 
relevant  technological  LEO  parameters  (layer  structure,  activ*  area,  active  layer 
width  and  doping)  on  the  time  and  frequency  behaviour  by  means  of  these  time  constants. 
The  technological  and  physical  factors,  which  represent  the  ultimate  limitation  of  the 
modulation  bandwidth,  are  discussed.  Based  upon  this  model,  the  design  concept  of  a 
practical  LEO  with  a very  high  modulation  bandwidth  is  described.  Heasurements  of  the 
frequency  characteristic,  the  light  power  output  and  the  spectral  characteristic  have 
been  carried  out.  In  addition  tbe  AH-nolse  behaviour  is  investigated.  The  transmission 
rate  and  the  mazlnum  length  of  an  optical  communication  system  using  such  high  speed 
LED's  is  estimated. 


Light  emitting  diodes  (LED's)  are  already  employed  as  directly  modulated  light  genera- 
tors in  practical  fiber-optic  communication  systems.  Until  now  tbe  transnission  capa- 
city of  these  systems  is  still  moderate,  mainly  because  of  the  restricted  bandwidth  of 
the  LED's.  In  this  paper  the  theoretical  and  technological  principles  of  high  speed 
LED's  will  be  shown.  Also  the  properties  of  a diode,  which  can  be  modulated  up  to  tbe 
GHz-range,  are  given.  Tbe  transmission  rate  and  the  maximum  length  of  an  optical  com- 
munication system  using  such  a high  speed  device  are  est:< mated. 


According  to  theoretical  and  experimental  investigations  the  tine  and  frequency  re- 
sponse of  light  emitting  diodes  is  governed  by  two  time  constants:  the  electron  life- 
time in  tbe  active  volume  and  a time  constant  r due  to  the  space-charge  capaci- 
n sp 

tance  The  frequency  dependence  of  tbe  light  amplitude  can  be  expressed  as 
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G is  an  impedance  factor  considering  the  finite  active  layer  width  of  the  diode  and 
^sp  ^ 


(») 


where  kT  is  the  thermal  energy  and,  la  the  bias  current.  Equ.  (1)  in  this  form  is 
valid  only  for  single-  and  double-heterostructure  LED's.  In  diodes  with  bomostructure 
the  nonradiaetlve  recombination  at  the  active  layer  surface  and  at  the  interface  bet- 
ween active  layer  and  the  contact  reduces  the  effective  electron  lifetime 
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as  coaparsd  with  the  hulk  lifetiffls  Tq«  The  reduction  hy  the  factor 

' 1 - 

depends  on  the  ratio  of  the  thickness 

of  the  active  layer  w to  the  elctron  diffusion  length  L^.  If  w is  snail  conpared  to 
a considerable  reduction  of  the  effective  lifetime  is  achieved.  For  example,  at  a 

doping  level  of  the  "active  region"  of  10  ^cm  ^ which  corx^sponds  to  a hulk  electron 
lifetime  of  about  Ins,  the  effective  lifetime  becomes  only  a few  hundred  picoseconds, 
if  the  layer  thickness  is  reduced  to  1pm.  It  can  he  deduced  from  this  theoretical  con- 
siderations that  modulation  in  the  GHz-range  is  possible  if  the  negative  influence  of 
the  space-charge  capacitance  can  he  suppressed. 

However,  it  should  he  pointed  out  that  the  light  power  output  of  homostructure  diodes 
is  decreased  by  the  same  factor  F. 

For  the  design  of  a high-speed  LED  two  requirements  can  he  deduced  from  equ.  (1}-(4). 

It  is  that  both  tine  constants  and  must  he  kept  small.  A short  electron  life- 

time is  achieved  by  using  a high  doping  level  in  the  active  region.  But  a limitation 
is  given  at  about  2 - 3 ■ lO^^cm"^  because  of  the  essential  broadening  of  the  half- 
width  of  the  light  spectrum  and  the  decreasing  efficiency  at  higher  doping  levels.  As 
mentioned  earlier,  further  reduction  of  the  effective  electron  lifetime  is  achieved  by 
using  a bomoatructure  with  a thin  active  layer.  The  layer  thickness  is  limited  to  a 
few  tenth  of  a micron  in  using  a liquid  phase  epitaxy.  However,  with  respect  to  reason- 
able light  power  output  an  active  layer  thickness  less  than  half  a micron  is  undersir- 
ahle. 

A low  value  of  which  corresponds  to  a low  space-charge  capacitance  is  achieved  by 
keeping  the  diode  area  small.  Technologically  areas  corresponding  about  2C^  in  dia- 
meter should  be  possible.  But  very  small  areas  lead  to  high  current  densities  and 
therefore  severe  beatslnking  problems.  An  area  corresponding  to  a diameter  of  about 
40  - 6C^  seems  to  be  realistic.  For  better  beattransfer  an  upside  down  technique  must 
be  used  where  the  p , n- Junction  is  near  the  heatsink. 

The  space-charge  capacitance  is  also  kept  small  by  widening  the  space-charge  region  by 
using  low  doping  levels  both  in  the  n-  and  the  active  p-layer.  However,  a low  doped 
active  layer  is  disadnantageous  with  respect  to  short  electron  lifetime.  Therefore,  only 
the  doping  level  in  the  n-reglon  can  be  lowered.  To  prevent  undesired  hole  injection  at 
low  doping  levels  of  the  n-iregion  m wlde-gap  emitter  consisting  of  Al^G«.^_j^  can  be 
choosen.  By  these  means  an  electron  injecting  layer  with  a doping  level  of  only 
lO^^cm"^  can  be  used. 


Liquid  phase  epitaxy  two  layer  structures  n-Al^  i.Gan  p-GaAs  with  doping  levels 
16  -?  IQ  — ^ u,o 

n ■ 5 • 10  cm  and  p "1,5  * 10  'cm  ■'  respectively  have  been  grown.  The  layer-thick- 
ness of  the  active  p-layer  was  1,2^  and  2jm.  From  these  wafers  LED's  were  fabricated 
having  a geometry  as  shown  in  Fig.  1.  Thlsisawellknown  typ  of  LED  proposed  by  Burras'^ 
using  an  upside  down  technique  with  an  integrated  heatsink.  An  etched  hollow  at  the 
substrate  side  alnimlses  the  absorption  losses  and  allows  an  easy  coupling  of  the  diode 
with  the  fibre.  The  small  actlvs  area  corresponding  to  a diameter  of  30  pa  has  been 
formed  by  using  proton  bombardment.  During  the  bombardment  of  protons  with  an  energy 
of  300  keV  at  a dosis  of  2 • 10^^em~^  the  active  area  is  protected  by  a goldnask.  Oat- 
side  the  active  area  the  crystal  becomes  Isolated  within  a depth  of  about  3pa.  This 
assns  that  the  Isolation  reaches  throughout  the  p-n  Junction.  Therefore,  proton  bon- 
nardaent  is  a snitable  technlqus  to  meet  the  requirements  conosmlng  small  Junction 
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areas  witb  respect  to  saall  space-charge  capacitance. 

These  diodes  as  ahoYS  were  aoxinted  into  a microwave  package  and  allow  contineous  oper- 
ating  with  current  densities  up  to  20  OOOA/cn  . At  a current  of  lOOaA  the  emitted 
light  power  output  becomes  about  339pW  and  200fxV  for  a active  layer  thickness  of  2pm 
aind  ^,2pM,  respectively.  As  can  be  seen  from  these  data  light  power  output  strongly 
depends  on  the  active  layer  width  for  this  typ  of  high  speed  LED's. 

Optical  transmission  of  high  data  rates  over  a relatively  long  distance  require  not 
only  reasonable  high  light  power  output  of  the  LED.  Also  the  spectral  halfwldth  of  the 
emitted  light  should  be  as  small  as  possible  because  of  the  fibre  dispersion  to  avoid 
severe  limitation  in  transmission  length  or  data  rate.  The  typical  linewidth  of  these 
diodes  was  33nn. 

Measurements  of  the  time  and  frequency  behaviour  showed  that  the  high  speed  character- 
istic of  these  diodes  is  considerably  improved  by  reducing  the  thickness  of  the  active 
layer.  The  rise  time  (0  - 80SS)  in  light  power  output  was  about  Ins  at  a thickness  of 
2pm  and  was  only  a few  hundred  picoseconds  at  a thickness  of  ^ ,2pm.  The  corresponding 
3dB  cutoff  frequencies  were  300HHz  and  1100MHz,  respectively.  The  modulation  measure- 
ments were  performed  with  a current  amplitude  of  30mA  superimposed  on  a bias  current 
of  60mA.  Furthermore,  these  results  show  that  for  both  diodes  the  product  of  light 
power  output  and  bandwidth  is  nearly  constant. 

The  AH  noise  behaviour  of  these  LED's  has  also  been  investigated.  The  optical  fluctu- 
ations of  there  light  output  have  been  measured  at  frequencies  between  100Hz  and  100kHz. 
For  measurement,  the  diodes  were  biased  with  a filtered  battery.  The  emitted  light 

> lOOpV  was  detected  by  a PlH-photodiode . The  result  is  shown  in  Fig.  2.  The  measured 
noise,  which  exhibits  a 1/f-type  frequency  dependence,  becomes  equal  to  the  shot  noise 
limit  of  the  detector  below  1kHz.  This  means  that  for  application  the  LED  noise  beha- 
viour is  uncritical.  For  comparison  the  typical  1/f-noise  characteristic  of  a cw double 
beterostructure  laser  reaches  up  to  lOOkHz. 

By  using  a Al^Ga^_j^As  crystal  with  various  Al-content  for  the  active  region  LED's  with 
wavelengths  in  the  range  of  780nm  to  870nm  have  been  realized.  These  diodes  nearly  show 
the  same  time  behaviour  as  compared  with  GaAs  diodes  at  890nm  (x  - 0).  But  as  will  be 
shown  below  it  is  not  necessary  to  adapt  the  emitted  wavelength  of  the  LED  to  the  mini- 
mum attenuation  of  the  fibre  (at  about  840nm),  because  the  limitation  in  the  transmis- 
sion eapahlllty  is  primarily  caused  by  fibre  dispersion  and  not  by  fibre  attenuation. 

For  application  it  is  Interesting  to  know  the  transmission  rates  and  distancos  which 
can  be  achieved  by  these  high  speed  LED's.  A limitation  is  given  by  the  attenuation 
and  dispersion  of  the  fibre.  Using  a pulse  nodulated  system  the  following  assxuptions 
are  made:  The  halfwidth  of  the  emitted  light  is  33d>«  The  diodes  are  pulsed  by  130mA 
current  peaks.  The  fibre  is  of  gradient  index  type  with  an  attenuation  of  3dB/km  and 
a material  dispersion  of  1,7ns/ka.  The  coupling  efficiency  of  light  into  fibre  is  3%. 

A fast  photo  avalanche  diode  is  used  as  detector.  The  signal  to  noise  ratio  at  the 
detector  should  be  30dB.  Under  these  conditions  a transmission  rate  of  IGbit/s  is  pos- 
sible for  distance  up  to  230a.  A Ika  system  could  be  opertated  up  to  300Mbit/s. 

The  calculations  show  that  the  capability  of  the  fibre  system  is  not  limited  by  the 
light  power  output  of  the  diode  but  by  its  linewidth  together  with  the  fibre  disper- 
sion. To  improve  the  transmission  rate  diodes  with  smaller  emission  lines  and  fibre 
witb  lower  dispersion  are  necessary. 
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?lit.  1;  Cross-sectional  view  of  LED 
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Heference : 

/1/  Burrus,  C.A. , Miller,  B.I.;  "Small -are a,  double-heterostructure  GaAlAs-electrolunl- 
nescent  diode  sources  for  optical-fibre  transmission  lines",  Opt.  Commun. , 197‘1,  A, 
PP.  307  - 309 
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RESUME 


Lea  photodlodea  A avalanche  au  alllclum  aont  actuellement  lea  d4tecteura  lea  mleuz  adaptAa  pour 
r4pondre  auz  beaolna  dea  communlcatlona  optlquea  auaai  blen  dans  la  bands  spectrale  800  - 900  nm  qu'A 
1060  nm.  Deux  structures  de  diodea  ont  dt^  dtudl^es  : la  structure  P+vtFN+  clasaique  et  la  structure 
P+TTP-irN+  A couche  P enterrAe  obtenue  par  implantation  ionique  A haute  4nergie,  ohaque  structure  pouvant 
4tre  r4alis4e  sur  subatrat  homogAne  ou  aur  subatrat  Apitaxid  en  fonction  des  performances  recherchAes. 

AprAs  la  description  du  prooAdA  de  realisation  des  deux  structures,  lea  rAsultats  obtenua  concemant  le 
gain  utile,  la  sensibllite  et  la  rapiditA  seront  prAsentAs.  La  comparaison  des  rAsultats  montre  que  la 
structure  P*irPwN+  A couche  P enterrAe  permet  d'obtenir  aur  subatrat  ApitaxiA  des  dispcsitifs  trAs  per- 
formants  dans  la  bands  spectrale  600  - 900  nm  (gain  utile  « 90,  temps  de  montAe  et  temps  de  descents  « 

0. 5. ns,  sensibilitA  globale  A X = 850  nm  : S = 25  a/w)  selon  un  procAdA  de  rAalisation  trAs  simplifiA. 

1 . INTRODUCTION 

L'intArAt  croissant  portA  aux  systAmea  de  communications  par  fibres  optlquea,  du  aux  progrAs 
effectuAs  dans  la  rAalisation  des  fibres  optlquea  A falble  perte  et  A falble  dispersion  et  dans  cells 
des  sources  Amettrlces  continues  (DEL,  diodes  laser),  a entralnA  un  besoln  en  photodAtecteurs  partlcullA- 
rement  blen  adaptAs  pour  rApondre  aux  exigences  d'un  domains  encore  en  plelne  Avolutlon.  Actuellement, 
les  dAtecteurs  au  sillclum  sont  lea  mleux  placAs  grice  A I'avance  technologlque  dont  11s  bAnAflclent. 

Pour  les  applications  A falble  niveau  et  falble  dAbit  d'lnformations  (2  Mb/s  et  8 Mb/s),  les  photodiodes 
PIN  peimiettent  de  rAallser  des  modules  rAcepteurs  A hautes  performances,  Hals  pour  les  applications  A 
falble  niveau  et  A moyen  ou  grand  dAbit  d' informations  (30  Mb/s,  140  Mb/s  et  au-delA),  I'emploi  des 
photodiodes  A avalanche  rapides  s'impose  en  raison  de  1 'amAlioration  Importante  du  rapport  signal  sur 
bruit  due  au  gain  interne  de  la  diode  (MILLER,  S.E.,  1973). 

Les  photodiodes  A avalanche  de  structure  I^irPN^  (fig  1)  sont  prAsentement  les  plus  performantes 
car  elles  cumulent  les  avantages  dea  photodiodes  A avalanche  N+P  classlques  (le  gain)  et  ceux  des  photo- 
diodes PIN  (sensibilitA  intrinsAque  AlevAe,  grande  rapiditA)  (RUEGG,  H.W.,  1967).  La  zone  de  charge  d'es- 
pace  de  telles  diodes  se  compose  de  deux  rAglons  adjacentes  : I'une  relativement  Atroite  oh  rAgne  un 
champ  Alectrique  intense  dans  laquelle  prend  place  la  multiplication  des  porteurs  injectAs,  I'autre  plus 
ou  moins  Atendue  A champ  falble  oA  les  porteurs  sont  collectAs.  C'est  cette  sAparation  des  rSles  de 
multiplication  et  de  collection  qul  assure  des  prodults  galn-largeur  de  bande  AlevAs  A ces  dlsposltlfs. 

AprAs  un  bref  rappel  des  principales  propriAtAe  de  ces  photodiodes  A avalanche  et  de  leur  principe 
de  fonctlonnement,  nous  prAaenterons  les  strictures  AtudiAes  et  dAcrirons  leurs  procAdAs  de  rAalisation. 
Enfin,  la  comparaison  des  rAsultats  expArlmentaux  permettra  de  choisir  la  structure  de  diode  la  mieux 
adaptAe  pour  une  application  donnAe. 

2.  PROPRIBTES  DES  PHOTODIODES  A AVALANCHE  P*-rPll* 

L'utllitA  dea  photodAtecteurs  A avalanche  dans  un  systAme  de  communications  optiques  est  dAtermlnA 
par  les  proprlAtAs  sulvantes  : 

- la  sensibilitA  intrinsAque 

- le  temps  de  lAponse 

- le  facteur  de  multiplication 

- le  bruit  apportA  par  le  dAtecteur. 

Nous  aliens  iraintenant  reprendre  chacun  de  ces  points  en  cherchant  A falre  apparaltre  les  pro- 
blAmes  posAs  par  1' optimisation  du  dAtecteur. 

2.1 . SensibilitA  IntrinaAoue 

La  sensibilitA  IntrinsAque  d'une  photodiode  dApend  avant  tout  du  coefficient  d'absorptlon  du 
rayonnement  dAtectA  et  de  la  longueur  du  trajet  lumlnoux  dans  la  zone  active.  II  est  gAnAralement  admls 
que  celle-ci  doit  avoir  une  largeur  au  moins  Agale  A la  longueur  d'absorptlon  du  rayonnement  incident 
pour  assurer  une  bonne  sensibilitA  IntrinsAque.  Or,  cette  longueur  d'absorptlon  qul  est  d'environ  15/um 
A 850  nm  passe  A environ  250 /um  pour  X “ 1060  nm  (DASH,  W.C.,  1955.  ) II  en  rAsulte  que  la  reali- 

sation de  dlsposltlfs  trAs  senslbles  sera  rendus  plus  alsAe  pour  lea  applications  dans  la  bands  800-900  nm 
que  pour  cellesA  1060  nm. 

Bnfln,  dans  tous  les  cas.  Is  dApDt  d'une  couche  antireflet  au  nltrure  de  sillclum  centrAe  sur  la 
longueur  d'onde  utlllsAe  permet  une  rAductlon  Importante  des  pertea  A I'lnterface  alr-slllclum,  pertes  qul 
sont  de  an  I'abeence  d'une  tells  couche. 

.../ 
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2.2.  Temps  de  r^ponse 

Lss  limitations  du  temps  de  r4ponse  des  photodiodes  h avalanche  sont  les  sulvantes  : 

- le  temps  de  transit  des  porteurs  dans  la  zone  de  charge  d'espace. 

- le  temps  de  diffusion  n^cessaire  auz  porteurs  crdds  hors  de  la  zone  de  charge  d'espace  pour 
atteindre  celle-ci. 

enfin,  le  temps  de  mlse  en  avalanche  114  au  ph4nom4ne  de  multiplication  des  porteurs. 

f Wi'^raleiiient,  cette  demifere  limitation  n'lntervient  qu'aux  fortes  valeurs  de  multiplication 

(KANEDA,  T.,  1975).  Les  derniers  r4sultat3  expdrimentaux  conduisent  A un  temps  de  mise  en  avalanche 
inf4rieur  A 100  ps  pour  un  facteur  de  multiplication  M = 100. 

Pour  obtenir  des  dispositifs  performants,  il  faut  absolument  rendre  n4gligeable  la  contribution 
des  porteurs  qui  atteignent  la  zone  de  charge  d'espace  par  diffusion,  on  dernier  processus  4tant  parti- 
cullArement  lent.  D'oA  la  n4ces8it4  de  travailler  en  rdglme  de  d4pl4tlon  totale. 

Enfln,  le  temps  de  transit  des  porteurs  dans  la  zone  de  charge  d'espace  sera  rendu  minimum  si 
le  champ  41ectrique  dans  la  zone  de  collection  des  porteurs  est  sufflsamment  4lev4  pour  entralner  les 
porteurs  A leur  vitesse  de  saturation  qui  est  d'environ  10'  cm/s.  Une  estimation  grossiAre  permet  d'Avaluer 
le  temps  de  transit  A environ  1 ns  pour  50^nim  d'Apaisseur  de  zone  active. 

Dans  de  telles  conditions,  11  sera  possible  de  rAallser  des  photodiodes  A bonne  sensibllltA  et 
grande  rapid! t4  dans  la  bande  spectrale  000  - 900  nm  avec  une  Apaisseur  de  zone  active  Agale  A 20 /um. 

L' utilisation  de  substrata  A zone  active  d'dpalsseur  ^ 90  yum  conduira  A une  senslbllitA  4lev4e  ^is 
A une  rapiditA  moyenne.  Par  contra,  A X = 1060  nm,  la  senslbilltA  IntrinsAque  sera  faible  si  I'on  cherche 
A obtenir  des  temps  de  rAponse  infArieurs  ou  de  I'ordre  de  1 ns. 


2.3.  Facteur  de  multiplication 

Sous  1 'action  d'un  champ  Alectrique  intense,  les  porteurs  primaires  traversant  la  zone  de  charge 
d'espace  peuvent  acquArir  une  dnergie  suffisante  pour  ioniser  lors  de  chocs  les  atomes  du  rAseau  cristallin 
crAant  ainsl  des  palres  4lectron-trou  secondalres.  Celles-ci  A leur  tour  peuvent  6tre  accAlArAes  suffisam- 
ment  et  provoquer  des  ionisations  en  cascade.. Par  consequent,  un  seul  photon  absorbe  dans  la  zone  active 
peut  ainsi  donner  naissance  A un  photocourant  important  par  effet  d'avalanche.  Le  facteur  de  multiplication 
crolt  rapidement  avec  la  tension  appllqu4e  dans  le  oas  d'une  Jonction  N+P  oar  les  coefficients  d'lonisation 
des  porteurs  varient  exponentiellement  avec  le  champ  41ectrique.  De  plus,  dans  le  sllicium,  le  pouvoir 
Inohlsant  des  eiectroris  4tant  beaucoup  plus  grand  que  celul  des  trous,  le  facteur  de  multiplication  sera 
d'autant  plus  41ev4  que  la  proportion  des  Electrons  dans  le  courant  primalre  injects  sera  importante. 


Aussl,  pour  assurer  une  multiplication  4lev4e,  la  zone  d'avalanche  8'4tendra-t-elle  seulement  dans 
la  couohe  P,  la  zone  de  collection  occupant  toute  la  oouohe  vr  . Pour  Ijs  longueurs  d'onde  utills^es  ici, 

H ou  o6t4  dans  le  oas  de  couches 


1' injection  du  rayonnement  incident  peut  se  faire  indiff4remment  o8t4  N 
N+  et  P+  superflcielles . 


Enfin,  la  sdparation  de  la  zone  active  en  deux  rAgions  adjaoentes,  la  zone  d'avalanche  et  la 
zone  de  collection,  entralne  une  variation  molns  raplde  de  la  multiplication  en  fonction  de  la  tension 
appliquAe,  oomme  on  le  verra  plus  loin. 


2.4.  Bruit  de  multiplication 

Le  bruit  de  multiplication  114  au  caractAre  statistique  du  ph4nomAne  d'avalanche  d4pend  de  la 
valfeur  du  champ  4lectrique  et  de  sa  distribution  dans  la  r4gion  d'avalanche.  L'analyse  du  oomportement 
en  bruit  dee  photodiodes  A avalanche  a 4t4  faite  par  Me  INTYRE,  R.J.,  1966.  II  a montr4  que  le  rapport 
k = » ouetj/Ssont  respectivement  les  coefficients  d'lonisation  des  Aleotrons  et  des  trous,  joue 

un  rftle  essentiel.  En  partioulier,  le  facteur  d'exoAs  de  briuit  F,  d4fini  par  la  relation  (1)  : 

i^  = 2 q I^  M^  F (1) 


oA  I est  le  courant  primaire  inject4, est  le  plus  faible  si  les  porteurs  injeot4s  ont  le  plus  fort  coef- 
ficient d'lonisation.  Ainsl,  dans  le  cas  du  silicium,  le  facteur  d'excAs  de  bruit  s'exprlme  par  la  rela- 
tion (2)  pour  une  injection  d'Alectrons  seuls  : 


F = 

Cette  relation  montre  que  pour  diminuer  F 
de  r4dulre  la  valeur  de  k.  Cecl  peut  4tre 
d'avalanche. 


(2) 


pour  une  valeur  de  multiplication  donn4e  H,  11  est 
obtenu  par  un  abaissement  du  champ  41ectrlque  dans 


ndcessalre 
la  r4gion 
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3.  FRIHCIFE  DE  FONCTIONNEHENT 

Le  fonctionnement  des  photodiodes  h avalanche  de  structure  I’^ttPK*  clasaique  eat  illustr^  sur  la 
figure  2 oti  sent  repr^sent^s  le  profil  de  concentration,  la  distribution  du  champ  ^lectrique  pour  3 ten- 
sions de  polarisation  et  une  courbe  de  multiplication  typique.  Aux  faibles  tensions  de  polarisation  la 
zone  de  char»?e  d'espace  eat  confines  dans  la  couche  P.  Lorsque  la  tension  au(piiente,  I'extrSmit^  de  la  zone 
de  charge  d'espace  se  d^place  jusqu’A  atteindre  la  couche  fT  pour  une  tension  appliqu^e  V^,  juste  avant 
le  claquage  par  avalanche  de  la  jonction  !!*■?.  Le  facteur  de  multiplication  attelnt  typlquement  une  valeur 
de  10  A 30  en  ce  point.  Pour  toute  tension  sup^rieure  A V^,  la  zone  de  charge  d'espace  s'^tend  A travers 
toute  la  couche  Tf  faiblement  dop4e.  Tout  accroissement  de  tension  par  rapport  A Vq  se  trouve  pratiquement 
r^parti  aux  homes  de  la  couche  tt  et  y ^tablit  un  champ  41ectrique  presque  constant. 

Si  l'4paisseur  de  la  couche  TT  est  grande  par  rapport  A oelle  de  la  couche  P,  le  champ  ^lectrique 
A la  jonction  N+P  variera  peu  pour  toute  tension  appliques  aup4rieure  A Vq.  La  oaract^ristique  de  multipli- 
cation M (v)  pr^sente  ainai  un  "palier",  typique  du  fonctionnement  d'une  telle  structure. 

II  faut  remarquer  que  gdn^ralement  le  point  de  fonctionnement  d'une  telle  diode  eat  sltu4  bien 
au-delA  du  "palier"  afin  de  b^n^ficier  d'uno  multiplication  41ev^e. 

L'obtention  de  fa?on  reproductible  des  caract^ristiques  de  multiplication  M (v)  souhait^es  suppose 
que  I'on  saohe  contrOler  avec  une  bonne  precision  (i  1095)  les  profile  de  concentration  des  couches  1?*  et  P. 
EM  effet,  si  la  couche  P est  trop  large,  le  claquage  de  la  jonction  If+P  intervient  avant  I'extension  de  la 
zone  de  charge  d'espace  dans  la  couche  TT  (fig  2 c,  courbe  1 ) ; si  elle  est  trop  ^troite,  I'extension  dans 
la  couche  TT  Intervient  trop  tSt  et  la  multiplication  reste  faible  Jusqu'A  des  valeurs  de  tension  trAs 
AlevAes  (fig  2 o,  courbe  3). 


4.  STRUCTURES  pVpN'*'  ETUDIEES 


Le  technologue  dispose  de  nombreuses  poasibilitAs  quant  A la  rAaliaation  des  diodes  de  structure 
F'IitPN''.  Entre  le  choix  de  la  nature  de  la  jonction  Ytp  et  celui  des  divers  profils  de  concentration  permis 
par  les  moyens  de  dopage  actuals,  il  existe  de  nombreuses  combinaisons  possibles,  mSme  si  actuellement 
1' implantation  ionique  est  pratiquement  I'unique  technique  employee  pour  le  dopage  des  couches  P.  En  effet, 

1' implantation  ionique  prAsente  par  rapport  aux  techniques  conventionnelles  de  diffusion  ou  d'dpitaxie  des 
avantages  d'intArSt  primordial  : la  reproductibilitd  et  le  contrSle  suffissmment  prAcis  de  la  quantity  de 
charges  d'une  part  et  de  I'Anergie  d' implantation  d'autre  part. 

La  recherche  de  dlaposltlfs  A faiblo  ■ tt  gAnAralement  A adopter  des  structures  A champ 

Alectrlque  maximum  le  plus  faible  possible,  com;  ec  les  techniques  de  dopage  dlsponibles.  Pour 

notre  part,  nous  avons  optA  pour  lee  solutions  s 

- couche  P A profil  de  conoentratj in  gau  g 3)  obtenu  par  Implantation  suivie  d'une  diffusion 

longue. 

- couche  P enterrAe  (fig  4)  obtenue  par  implantation  A haute  Anergie 


avec  des  Jonctions  N^P  abruptes  dans  lea  deux  cas. 

La  structure  P^WPN^  classique  a donnA  lieu  A des  realisations  trAs  variAes.  Citons,  parmi  d'autres 
oelles  de  WEBB,  P.P,  1974,  de  BERCHTOLD,  K.,  1975,  de  BOCH,  R.,  1976,  qui  prAsentent  ohacune  leur  propre 
intArlt.  Cherchant  A rAallser  un  dispositif  travaillant  sous  une  tension  moyenne  ( < 200  V ) nous  avons  AtA 
amenAs  en  consAquence  A choisir  une  valeur  de  tension  Vq  Sf  50  V . Une  simulation  sur  ordinateur  nous  a 
ensuite  permis  de  prAclser  les  conditions  expArlmentales  de  1' implantation  et  de  la  diffusion.  Cependant, 
I'abaissement  de  la  valeur  de  la  tension  V entrains  un  accroissement  du  champ  Alectrlque  d'avalanche  et 
done  une  dAgradatlon  du  facteur  d'excAs  de  bruit. 


La  structure  P^xrPtrN^  A couche  P enterrAe  (lECROSNIER,  D.,  1975)  offre  I'avantage  d'une  rAgion 
d'avalanche  trAs  Atendue  011  rAgne  un  champ  Alectrlque  constant  relativement  faible  (~  3.10^  V/om).  Cette 
couche  P enterrAe  est  trAs  avantageusement  rAalisAe  par  une  implantation  ionique  A haute  Anergie  (~1  HeV), 
la  position  et  la  concentration  maxlmale  de  la  couche  ne  dApendant  resyieotlvement  que  de  I'Anergie  d'lmplan- 
tation  Eg  et  de  la  dose  ImplantAe  Q. 


Les  simulations  effectuAes  sur  ordinateur  avec  un  profil  caricatural  (fig  ^ o)  montrent  I'influence 
des  divers  paramAtree  sur  la  caractAristique  M (v)  : profondeur  xj  de  la  jonction  , Anergie  d'implanta- 

tion  E-,  dose  ImplantAe  Q,  concentration  No  du  substrat  (fig  5 et  6).  On  remarquera  qu'il  suffit  d'une  varia- 
tion de  * lOjt  de  la  dose  ImplantAe,  les  autres  paramAtres  rer  tant  fixes,  pour  passer  d'une  bonne  oaraotAris- 
tique  A une  caractAristique  sous-diffusAe  ou  surdlffuAe. 


Lee  caractAristiques  M (v)  calculAes  pour  dlffArentes  doses  ImplantAes  dans  le  cas  d'un  substrat 
ApltaxlA  ne  prAsentent  plus  de  "palier"  de  multiplication  (fig  7). 

Cette  structure  est  I'aboutlssement  d'essais  rAalisAs  avec  une  couche  P A concentration  eonstante 
obtenue  par  des  Implantati >ns  multiples  A dlffArentes  Anergles.  Hals  les  tolArances  sur  le  couple  concentra- 
tion-Apalsseur  de  la  couche  P Atalent  si  critiques  qu'elles  interdisalent  toute  reproductlbllitA,  ce  qui 
nous  a conduit  A abandonner  ce  procAdA. 


.../ 
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5.  REALISATION 

Lea  coirposantB  de  foroe  circulaire  aont  rdallade  aur  dea  aubatrata  homob’^nea  de  type  P falblement 
dop^a  (N^  ^ 2.10'5  atooea.  ciii”3)  ou  aur  dea  aubatrata  dpitaxida  dont  la  couche  dpitaiiale  P de  concentra- 
tion Nj^ar  5.10'4  atomea .ciii“3  et  d'dpalaaeur  20  Am  eat  ddpoade  aur  un  aubatrat  P+.  La  Junction  N+ir  Jouant 
le  r61e  d'anneau  de  garde  permet  d'dviter  lea  claquagea  pdriphdrlquea.  L'anneau  atoppeur  P+  a pour  but  de 
limiter  aenaiblement  lea  couranta  de  fuite  auperficiela  due  A la  couche  d'inveraion  qui  ae  ddveloppe  A la 
aurface  dea  aubatrata  P faiblement  dopda. 

Toua  lea  compoaanta  aont  rdaliada  en  technologia  planar  pour  dviter  lea  problAmea  de  paaaivation 
inhdrenta  A la  technologie  mdaa  (B0LLE3<,  L.J,  1976). 

Enfin,  lea  aubatrata  homogAnea  aubiaaent  un  aminclcaement  localiad  par  une  attaque  chimique  avec 
maaquage  par  rdaine  pnotoaenaible  afin  de  ramener  la  zone  activ"  A une  dpaiaaeur  infdrieure  A 50yum. 

5.1.  Structure  P^TTBl'*’  claaaiaue 

La  rdaliaation  de  cette  atructure  ae  fait  aelon  le  prccddd  auivant  : aprAa  oiydation  et  diffuaion 
de  l'anneau  atoppeur  P* , la  zone  active  (couche  P)  eat  ouverte  par  photogravure,  puia  implantde  localement 
(iona  bore,  done  Q = 5.10'2  iona.cm”^^  dnergie  E^  = 100  kev),  I'oxyde  aervant  de  maaque.  Puia  lea  chargea 
aont  rediatribudea  par  une  diffuaion  de  30  heurea  A T » IIOO^C.  Enfin,  la  Junction  N'*'?  eat  obtenu  par  une 
diffuaion  phoaphore  d'une  durde  plua  ou  moina  longue  de  faqon  A obtenir  la  oaractdriatique  M (v)  aouhaitde. 

5.2.  Structure  pVpitN'^ 

AprAa  oiydation  et  diffuaion  P'*’  de  l'anneau  atoppeur  et  la  couche  de  repriae  de  contact,  la  zone 
K*  eat  diffuade  auperficiellement  (xj  »v  0,3 /um) . Puia  un  film  dpaia  (“'lO/om)  de  rdaine  photoaenaible 
aervant  A maaquer  1' implantation  A, haute  dnergie  eat  ddpoad  but  toute  la  surface.  AprAa  ouverture  dea  zonea 
activea,  lea  plaquea  aont  implantdea  a la  doae  aouhaitde  (l,2  - 1,8.10'^  iona.om"^)  soua  forte  dnergie 
(Eq  = 1 MeV).  Lea  plaquea  aont  alora  nettoydea  et  lea  chargea  implantdea  aont  renduea  dlectriquement  acti- 
vea  par  un  recuit  (T  = 900®C,  20  mn).  Enfin  ai  cela  a'avAre  ndceaaaire,  la  tension  de  claquage  eat  amende 
A la  valeur  aouhaitde  par  dea  recuita  succeasifa  A T = 950‘’C. 

L'emploi  de  I'implantation  A haute  dnergie  aimplifie  beaucoup  le  procddd  de  fabrication  en  suppri- 
mant  un  traitement  thermique  A haute  tempdrature  de  longue  durde. 

Dea  atructurea  analoguea  ont  dtd  rdcemment  ddcritea  dana  la  littdrature,  maia  leur  rdaliaation 
fait  appel  soit  A une  canalisation  dans  le  direction  < 110>  (KANEDA,  T.,  1976)peu  reproductible,  aoit  A 
une  implantation  auivie  d'une  dpitaxie  A baase  tempdrature  (kANBE,  H.,  1976)  aboutiasant  A un  dispositif 
en  technologie  mdaa  avec  lea  inccnvdnienta  d'une  telle  technologie. 


6.  RESULTATS  EIPERIMENTAUX 

Lea  conditions  expdrimentalea  ddfinies  A partir  dee  simulationa  aur  ordinateur  nous  ont  permia  de 
rdaliser  de  faqon  reproductible  dea  compoaanta  d'un  diamAtre  de  zone  active  0 = 150 /um  aussi  bien  aur 
matdriau  homogAne  creuad  que  aur  aubatrat  dpitaxid  aelon  lea  deux  structures.  La  comparaison  dea  rdsultats 
obtenua  permet  de  sdparer  lea  compoaanta  en  deux  catdgories  : ceux  rdaliada  aur  matdriau  homogAne  creuad  A 
forte  sensibilitd  et  moyenne  rapiditd  et  ceux  rdaliada  aur  aubatrat  dpitaxid  A grande  rapiditd  maia  moyenne 
sensibilitd. 


6.1 . Hatdriau  homogAne  creuad 


Le  tableau  1 rdaiuae  lea  performancea  obtenues  aur  matdriau  homogAne  aminci  localement  (dpaiaaeur 
de  la  zone  active  : 50 yum) . 


P+.(lPN+ 

P^TrPTrN+ 

Zone  active  (diamAtre) 

150 

150 

Tension  de  claquage  V 

Tension  Vq 

150  - 200 

120-180 

50 

30 

V 

Courant  d'obacuritd  (0,9  V_) 

Capacitd 

g 10 

< 10 

uA 

1,0 

1,0 

pF 

Multiplication  u..ile  Mu 

> 100 

> 100 

Sensibilitd  globale 

opu  niu 

50 

50 

a/w 

1060  nm 

7 

7 

a/w 

Tempa  de  montde  C 

1 

1 

ns 

Tempa  de  deacente 

1 

1 

ns 

.../ 


tableau  I. 
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La  fif^re  8 pr^aente  lea  caract^riatlquea  de  multiplication  H (V)  typlquea  da  chaque  atructure 
dtudi^e.  Pour  dea  performancea  dquivalentea,  la  atructure  PtrPlTN*  k couche  P enterrde  permet  d'obtenir 
dea  diapoaltlfa  k plua  faible  tenalon.  Bn  effet,  on  peut  alakoent  obtenir  une  tenaion  Vo  faible  (par 
exemple  Vg  = 30  v)  avec  un  gain  Mo  relativemont  dlev^  (entre  30  et  50)  pour  une  valeur  comparable  de  la 
pente  du  "palier"  de  multiplication.  Dana  une  telle  atructure,  la  tenaion  V aur  un  aubatrat  donnk 
depend  uniquement  de  I'^nergie  d' implantation.  Soit  Vj,  « 30V  pour  « 1 Hev  et  Vg  » 50  V pour  Eg  - 2 MeV. 

La  atructure  k couche  P entente  offre  auaai  I’avantage  d'un  champ  ^lectrique  d'avalarche  faible, 
en  raiaon  de  la  largeur  de  la  region  d'a/alanche  (l,5yw  pour  Vg  ^ 30  V).  Auaai,  le  fac^eur  d'excka  de 
bruit  eapdrd  de  tellea  dlodea  eat-11  plua  faible  que  celui  dea  diodea  de  atructure  claaalque. 

La  aenaibiliW  globale  eat  Inddpendante  de  la  atructure  dea  diodea.  Pour  une  multiplication  Mu  «100, 
la  aenaibilitd  globale  eat  kgale  k S = 50  A/W  k ^ * 850  nm.  Cette  aenalbilltd  c.iute  k S « 7 A/W  k 
^ = 1060  nm.  Cette  demlkre  valeur  peut  Stro  amende  k S = 10  a/W  en  centrant  bien  la  couche  antireflet. 

Bn  outre,  la  aenaibilit6  globale  peut  ktre  augmentde  en  m^talllaant  la  face  oppoa4e  k la  face  par  laquelle 
p^nktre  le  rayonnement. 

Le  cllchd  1 montre  une  rkponae  typlque  de  photodlodea  creuakea  localement  k une  Impulalon  kmlae 
par  un  laaer  DHJ  Gai.jAlxAa.  Pour  une  kpaiaaeur  de  zone  active  infdrieure  k 50 /um,  lea  tempa  do  montke 
et  de  deacente  'C^j  aont  aenaiblement  dgaux  k "Cj,, = 1 na. 

Lea  couranta  d'obacuritk  k la  tenaion  de  fonctionnement  aont  infkrieura  k Iq<  10  nA.  Cea  couranta 
aont  avant  tout  d'origlne  auperficielle . 


6.2.  Substrat  dpitaxid 

Lea  performancea  obtenuea  aur  aubatrat  dpltaxlk  aont  rapportdea  dana  le  tableau  2. 


TABLEAU  2. 


pVpn'*' 

pV  PxtN 

Zone  active  (diamktre) 

150 

150 

/\UD 

Tenaion  de  claquage  V- 
Courant  d'obacuritk  (0,9  Vg) 

150-200 

150-300 

...  200 

-.200 

pA 

Capacltk 

1,0 

1,0 

pF 

Multiplication  utile  M^ 

80 

60 

Sensibility  globale 

850  nm 

32 

25 

a/w 

1 060  nm 

2 

1,5 

a/w 

Tempa  de  montke  X 

< 500 

< 500 

pa 

Tempa  de  deacente 

rf  1000 

^500 

pa 

Lea  caractkrlatiquea  de  multiplication  M (v)  typlquea  relevkea  aur  lea  diodea  rkallakea  aur 
aubatrat  dpltaxlk  (fig  9)  ne  montrent  paa  de  "pa-Her"  de  multiplication.  Lea  multiplicationa  utilea  aont 
actuellement  plua  dlevdea  pour  lea  diodea  de  atructure  P*'ir  PN'*'.  Cependant  pour  lea  diodea  de  atructure  k 
couche  P enterrke,  la  tenaion  de  claquage  Vg  peut  gtre  ajuatde  dana  une  trka  large  gamne  en  Jouant  aur  la 
doae  implantde  aana  nulre  aux  performancea. 

Le  facteur  d'excka  de  bruit  dee  atructurea  P^xr  PvrN^  eat  plua  faible  que  celui  dee  atructurea 
F^irPlf*'  comme  I'ont  confirm^  dee  travaux  rkcenta  effectuda  aur  dea  atructurea  trka  volalnea  (KANBE,  H,  1976) 
(KANEDA,  T.,  1976).  On  peut  ralaonnablement  eapkrer  dea  valeura  de  k prochea  de  kgff  = 0,03. 

Le  cllchk  2 prkeente  la  rkponae  k une  impulalon  kmlae  par  un  laaer  DHJ  Oa^.^AlxAe  d'une  photodiode 
do  atructure  PVPivIft.  coa  diodea  remarquablomont  rapldea  ( "Cj,,  < 500  pa)  ne  prkaentent  paa  de  compo- 

aante  lente  k la  deacente.  Le  cllchk  3 montre  une  rkponae  k une  impulalon  kmiae  par  un  laaer  YAQ,  de  large  .r 
k ml-hauteur  de  320  pa.  Cea  raplditda  peuvent  ktre  obtenuea  m6me  k faible  valeur  de  polarlaation  (Vp> 50  V). 

Pour  rkaliaer  dea  photodlodea  de  atructure  P^tI  PHt  k grande  rapldltk,  11  faut  conaerver  la  tranai- 
tlon  k I'interface  P/P*'  du  aubatrat  kpitaxlk  auaai  abrupte  que  poaaible  et  done  limiter  au  minimum  la 
durke  dea  tmitementa  thermlquea  k haute  tempkrature.  Lea  performancea  obtenuea  aont  alora  Ikgkrement 
Infkrleurea  k la  deacente  k cellea  dea  diodea  de  atructure  FlrPirlT''.  Four  dea  diffuaiona  trka  longuea 
(30  heurea  k T - 1100°c),  la  deacente  prkaente  une  compoaante  lente  d' environ  6 k 8 na  rendant  lour  utili- 
nation  impropre  aux  appllcationa  k grande  rapidltk. 

Lea  aenaibilltka  globalea  obtenuea  k ^ > 650  nm  aont  reapectivament  S • 32  a/W  et  S « 25  a/W  pour 
la  atructure  ?'*''«  at  la  atructure  pi'TrPvr  N't.  A X • 1060  nm,  lea  aenalbllltka  tombent  k dea  valeura 
faiblea  (<  2 a/w)  k cauaa  de  la  faible  kpalaaeur  de  la  cone  active.  Une  amklloratlon  de  la  aenalbllltk 
par  augmentation  da  I'kpalaaeur  de  la  couche  kpltaxlke  entralneralt  un  accrolaeement  de  la  tenaion  de 
claquage  et  un  allonganant  du  tempa  de  rkponae. 

Enfln,  lea  couranta  d'obacurltk  k la  tenaion  de  fonctionnement  pour  lea  compoaanta  rkallaka  aur 
aubatrat  kpitazlk  aont  typlquaaent  de  200  - 300  pA. 


.../ 
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7.  CONCU'SIONS 

Deux  types  de  photodlodea  ^ avalanche  pour  lea  applicationa  aux  ayat^mea  de  conmunlcatlona 
optiquea  cnt  r^alia^a  aelon  deux  structures  diffdrentes.  Le  premier  type  r4alls^  sur  substrat  homogfene 
creus^  est  deatlnd  aux  applications  & falble  niveau  et  moyenne  frequence  alors  que  le  second  type  obtenu 
sur  substrat  ^pltaxi^  est  particu] l^rement  blen  adapts  aux  applications  h haute  frequence.  Lea  performances 
en  sensibility  sont  trfes  attrayan  .a  dans  la  bands  spectrale  800  - 900  nm  oil  se  situent  la  majority  des 
sources  utlllsyes  dans  les  communications  optiquea.  La  falble  sensibility  des  diodes  k 1060  nm  limite 

leur  utilisation  k cette  longueur  d'onde  aux  applications  k fort  niveau.  Cependant,  une  amyiloratlon  impor- 
tante  de  la  sensibility  pourrait  Itre  obtenue  sur  une  stiuicture  k couche  active  mince  en  augmentant  le 
parcours  de  la  lumikre  dans  la  zone  active  par  des  ryflexlons  multiples  (MULLER,  1976). 

L'expyrlence  a montry  que  la  ryallsatlon  de  dlspositlfs  performants  ytalt  plus  aisye  sur  substrat 
ypitaxiy  que  sur  substrat  homogkne  creusy,  I'opyration  d'amincissement  localisy  dtant  alors  supprimye. 

Ceci  nous  a conduit  k ryserver,  sauf  cas  particuliers,  la  ryallsatlon  des  p. otodiodes  k avalanche  sur 
substrat  homogkne  aux  applications  telles  que  la  tyiymytrie  par  laser  TAG  nycessitant  une  sensibility 
trks  yievye  mais  une  falble  rapidity. 

Enfin,  lea  avantages  prysentys  par  la  structure  P'^'w  Ptt  k couche  P en . ’rrye  obtenue  par  implan- 
tation ionique  k haute  ynergie  (E  = 1 HeV)  : mellleur  facteur  d'excks  de  bruit  d'une  part,  simplicity  de 
fabrication  d'autre  part,  nous  ont  amenys  k prkfyrer  cette  structure  k la  structure  P vt  PN^,  malgrk  la 
meilleure  sensibility  globale  offerte  par  celle-ci. 
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Cliche  I R^ponse  impulsionnelle  typique  des  photodiodes  realisees  sur  substrat  homogene  creuse 
(X  = 870nm).  Echelle  horizontale:  1 ns/div 


Cliche  3 R^ponse  impulsionnelle  d’une  photodiode  de  structure  P*)rPjrN*  sur  substrat  ^pitaxie 
(X=l060nm).  Echelle  horizontale:  200  ps/div 
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ABSTHACT 

Extended  lifetesting  of  diffused  junction  LED's  has  revealed  that  degradation  is  due  to  two 
apparently  independent  processes.  Evidence  is  presented  which  indicates  that  both  of  these  processes  are 
diffusion  controlled. 

On  the  basis  of  these  results  the  room-temperature  lifetime  of  a typical  LED  is  predicted  to  be 
approximately  10”  hours. 

INTHODUCnON 

The  LED's  which  were  studied  were  of  the  Burrus  (1970)  type  with  the  addition  of  aq  integral  heat 
sink.  The  p-n  juctions  were  formed  by  zinc  diffusion  into  a silicon-doped  (2  x li^'^cm”'^)  GaAs  substrate. 
Theoaitting  region  was  defined  either  by  silicon  dioxide  Isolation  as  shown  in  fig.  1 or  by  proton 
bombardment,  in  which  case  the  material  outside  the  required  emitting  region  was  made  semi-insulating. 

Devices,  with  emitting  diameters  of  50  microns,  have  been  produced  with  radiances  of  up  to  100  W 
st'^cm"^  (at  300  mA)  and  with  a typical  bandwidth  of  30  to  50  MHz. 

Degradation  rates  at  room  temperature  were  in  general  found  to  be  very  low  thus  in  order  to  acgelerate 
the  process  most  of  the  experiments  were  performed  at  elevated  temperatures  of  between  3S°C  and  215  C. 
However,  there  is  some  doubt  as  to  the  relevance  of  those  experiments  performed  at  temperatures  in  excess 
of  150®C  for  we  have  found  that  a thermal  strain  exists  at  the  roetal/semiconductor  intei face  on  the  p-side. 
In  LED's  of  a different  geometry  this  strain  was  sufficient  to  generate  misfit  dislocations  after  extended 
operation  at  154°C. 

Therefore  only  experiments  performed  at  temperatures  lower  than  150°C  are  reported  here. 

It  was  only  after  extended  lifetesting  at  high  temperature  rhat  the  complete  form  of  the  decay 
characteristic  emerged.  This  characteristic  showed  four  well  defined  stages  which  are  illustrated  in 
fig.  2. 

Most  of  the  devices  lifetested  showed  a rapid  initial  drop  in  output  power  (STAGE  1 decay)  in  which 
between  0%  and  35?  of  the  output  was  lost.  During  the  second  stage  of  decay,  in  clear  devices,  the 
decay  rate  was  lower  and  decreased  continuously  until  it  wa^  zero  within  the  measurement  accuracy  (-2?). 
This  second  stage  of  decay  generally  lasted  in  excess  of  10'^  hours  even  at  elevated  temperatures. 

Devices  which  showed  dark  spot  defects  (DSD's)  or  dark  line  defects  (DLD's)  showed  an  initial  drop 
which  was  identical  to  that  for  clear  devices.  However,  the  decay  rate  during  the  second  stage  of 
degradation  was  generally  much  higher  than  for  clear  devices  and  as  a result  the  'dark  defect'  device 
generally  reached  its  half  output  during  this  stage.  In  this  paper  only  the  degradation  of  clear  devices 
is  considered. 

Clear  devices,  in  particular  devices  with  proton  bombardment  Isolation,  showed  a stable  plateau  or 
stage  III  decay  which  was  again  of  long  duration,  e.g.  greater  than  10^  hours  at  130  C or  greater  than 
10^  hours  at  100°C. 

The  third  stage  of  degradation  was  terminated  by  the  onset  of  a degradation  process  in  which  the 
decay  rate  slowly  increased  with  time.  This  fourth  stage  in  the  life  of  these  originally  clear  devices 
was  accompanied  by  the  appearance  of  new  DSDs  in  the  device  emitting  area.  At  the  end  of  its  useful 
life  a large  proportion  of  the  emitting  area  of  each  device  was  found  to  contain  dcu-k  structure. 

One  other  process  which  occurred  during  degradation  was  the  appearance  of  dark  patches  in  the 
vicinity  of  the  emitting  region  perimeter.  These  patches  occurred  after  extended  operation,  e.g.  800 
hours  at  100°C,  yet  their  appeareuice  did  not  significantly  reduce  the  device  output. 

The  shape  of  the  characteristic,  see  fig.  2,  strongly  suggested  that  there  were  two  independent 
decay  mechanisms  operating  in  these  LEDs.  The  first  mechanism  was  believed  to  give  rise  to  the  first 
and  second  stages  of  decay.  There  was  then  an  interim  period  (stage  III)  during  which  the  first 
mechanism  had  ceased  yet  the  second  mechanism  had  not  begun  to  affect  the  device  output.  The  fourth 
stage  of  decay  was  observed  when  the  second  mechanism  began  to  significantly  reduce  the  output. 

The  characterisation  of  each  of  these  stages  of  de.radation  and  the  processes  which  cause  them,  will 
now  be  discussed. 

STAGE  I DECAY  (IMITIAL  DECAY) 

Most  of  the  devices  lifetested  initially  displayed  a rapid  decay  in  output.  The  amount  of  power 
lost  and  the  decay  rate  during  this  first  stage  of  degradation  were  found  to  be  functions  of  temperature 
and  current  density. 

During  this  decay  the  fractional  decay  rate  per  unit  time  was  constant  thus  the  decay  curve 
followed  an  exponential  relationship  of  the  form;  “ P^  exp(-  X t)  (1) 
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where  and  are  tlx;  outinit  power  at  times  t “ 0 and  t “ t respectively  and  X is  the  fractional  decay 
rate  ( hr~^). 

This  relationship  was  revealed  by  subtracting  the  subsequent  part  of  the  decay  curve  from  the  total 
curve,  as  in  fig.  3.  For  each  stage  I decay  this  curve  fitting  procedure  was  carried  out  and  a value  of 
decay  rate  was  obtained. 

The  variation  in  decay  rate  with  reciprocal  temperature  is  plotted  in  fig.  4.  TTic  large  scatter  of 
decay  rates  within  a group  of  devices  was  due  to  real  differences  in  this  rate  rather  than  inaccuracies 
in  fitting  the  relationship  of  equation  (1)  to  the  data.  This  plot  yielded  an  activation  energy  of 
between  0.54  eV  and  0.86  eV  for  the  stage  1 degradation  process. 

The  variation  of  decay  rate  with  current  for  50  micron,  SiO^  isolated  devices  from  batch  D104B  is 
shown  in  fig.  5.  This  curve  showed  that  the  decay  rate  was  approximately  proportional  to  current  density. 

The  amount  of  output  power  lost  in  the  initial  drop  was  also  found  to  be  a function  of  temperature, 
see  fig.  6.  There  was  a large  variation  in  the  initial  drop,  even  between  devices  from  the  same  hatch, 
however,  the  initial  drop  was  shown  to  Increase  with  temperature  possibly  levelling  out  at  temperatures 
above  50°C . 

The  variation  of  size  of  the  initial  drop  with  current  density  is  shown  in  Table  1. 

TABLE  1 

Fall  in  Output  for  50  microns,  Si02,  LED's 


Bias  Current 

Decay  as  a fraction 

of  initial  output 

mA 

% 

300 

6.5 

100 

16 

50 

21.8 

13 

28.5 

The  real  loss  of  output  was  largest  for  devices  which  were  operated  at  the  higher  currents  (300  mA 
and  100  mA).  However,  the  fractional  initial  drop  increased  with  decreasing  current.  This  strongly 
suggested  that  the  initial  decay  was  primarily  associated  with  recombination  in  the  depletion  region,  as 
the  ^ce-charge  recombination-component  of  the  total  current  was  dominant  at  low  operating  currents. 

Dun  us  (1970)  also  fou2id  an  initial  drop  in  a similar  type  of  LED.  He  showed  that  if  the  diodes 
were  operated  in  a pulsed  mode,  in  which  the  normal  forward  bias  was  periodically  interrupted  by  a 
reverse  bias  pulse,  then  the  initial  drop  could  be  removed.  He  suggested  that  this  degra^tion  mechanism 
involved  the  diffusion  of  an  electrically  active  "killer"  species. 

We  have  repeated  this  experiment  using  a reverse  bias  pulse  of  -4V,  duty  factor  15!(  and  pulse  rep. 
rate  of  10  kp.p.s  to  interrupt  the  forward  bias.  Significant  reductions  in  the  initial  drop  were  achieved 
as  shown  in  table  2. 

TABLE  2 


Temperature 

Net  Forward 

Initial  Drop  % 

“c 

Current 

mA 

Pulsed 

Operation 

D.C. 

Operation 

181 

300 

7 

14 

100 

300 

0 

15 

It  should  be  noted,  however,  that  on  returning  to  n0rm.1l  D.C.  operation  the  pulsed  devices  displayed  the 
typical  initial  drop. 

Devices  were  found  not  to  degrade  under  zero  bias,  or  reverse  bias  conditions,  e.g.  our  devices  have 
been  held  unbiassed  at  21S®C  for  250  hours  with  no  loss  of  efficiency.  However,  the  requirement  of  a 
forward  bias  for  degradation  could  either  mean  that  the  degradation  process  was  assisted  by  the  device 
ele  trie  field  or  that  the  power  dissipation  at  the  Junction  (typically  450  idW  under  forward  bias) 
establiR^ied  temperature  gradients  that  provided  the  driving  force  for  the  decay  process. 

The  reverse-bias  pulse  experiment  in  fact  removed  this  ambiguity  as  in  this  experiment  the  junction 
temperature  was  the  sasie  as  under  normal  forward  bias  operation  yet  a much  smaller  initial  drop  was  | 

observed . 

Thus  tlie  mechanism  responsible  for  this  decay  was  believed  to  involve  a charged  species  which  was  I 

influenced  by  the  Junction  field.  1 

Knibb  et.  al.  (1976)  found  an  initial  drop  in  CaP  LED's  and  showed  that  this  drop  was  slgnlcantly  i 

reduced  when  the  device  slices  were  sawn  on  an  aluiainlum  rather  than  a copper  base.  They  suggested  that  i 

copper  had  contaminated  the  devices  and  had  later  diffused  into  the  Junction  region  where  it  provided  | 


f 
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non-rad iative  recombination  centres. 

fliere  was  no  obvious  source  of  copper  contamination  in  the  processing  of  our  devices  other  than  in 
the  substrate  material.  With  the  exception  of  MCP  and  Litronix  substrates  the  copper  concentration  in 
the  substrate  was  generally  undetectable  by  mass  spectrograph,  i.e.  ^0.003  p.p.m.  atomic.  In  MCP 
material  the  copper  level  was  typically  0.1  ppm  atomic  while  in  the  Litronix  material  the  level  was 
unknown,  however  neithci  of  these  two  types  of  substrate  gave  devices  with  a consistently  high  initial 
drop. 

Both  the  n and  p side  contacts  on  these  LEDs  contained  gold  which  is  known  to  give  rise  to  deep  levels 
in  OaAs,  sec  Boltaks  (1963).  On  certain  devices  a thin  palladium  layer  was  therefore  interposed  between 
the  Ti  and  Au  metallisation  layers  of  the  p-side  contact.  (Palladium  is  known  to  inhibit  the  diffusion  of 
gold).  However  no  correlation  was  found  between  devices  showing  a low  initial  decay  and  those  containing 
a palladium  layer. 

STAGE  11  and  STAGE  111  behaviour 

Ihe  duration  of  this  decay  was  typically  10^  hours  even  at  high  temperatures,  and  during  this  time 
tsrpically  Sif  of  the  LED  output  was  lost.  This  duration  was  difficult  to  measure  accurately  as  the  decay 
rate  was  small  and  continuously  decreasing.  However,  the  second  stages  of  decay  in  proton  implanted 
devices  and  silicon  dionlde  type  devices  were  found  to  be  significantly  different,  see  fig.  7. 

The  behaviour  of  these  lEU's  during  the  first,  second  and  third  stages  of  decay  can  be  explained  on 
the  basis  of  a diffusion  model  similar  to  that  proposed  by  Longini  (1962)  which  will  now  be  described. 

A_P’  ^'fusion  model  for  LED  Degradation 

Longini  (1962)  proposed  that  the  degradation  of  tunnel  diodes  was  due  to  the  diffusion  of  zinc  (the 
p-dopant)  across  the  junction  where  the  resulting  compensation  reduced  the  device  efficiency.  This 
diffusion  was  normally  retarded  by  the  'built-in*  field  at  the  junction,  however  under  forward  bias  the 
retarding  potential  was  removed. 

For  the  reasons  given  earlier  the  stage  1 decay  process  was  believed  to  be  Influenced  by  the  junction 
field.  Thus  the  degradation  would  be  expected  to  be  most  severe  in  the  high  field  region  of  the  device, 
i.e.  in  the  depletion  region.  Tliis  was  the  case,  for  the  highest  fractional  stage  I decay  occurred  at 
the  lowest  bias  currents,  see  table  1,  where  most  of  the  carrier  recombination  was  in  the  vicinity  of  the 
depletion  layer. 

A field  aided  mechanism  tends  to  rule  out  the  possibility  that  this  decay  was  caused  by  the  diffusion 
of  a 'killer*  species,  e.g.  copper,  from  the  p-side  contact.  For  even  if  this  species  were  charged  the 
diffusion  would  be  largely  unaffected  by  the  junction  field.  Also  it  would  give  rise  to  concentration 
gradients  such  that  a larger  fractional  initial  decay  would  be  expected  at  higher  currents  rather  than 
lower  currents  as  was  observed  experimentally. 

There  is  no  shortage  of  evidence  showing  that  the  stage  I and  stage  II  decays  are  due  to  the 
introduction  of  non  radiative  recombination  centres  in  the  junction  vicinity,  see  for  example  Schade(1971), 
Yang  (1971),  Fabre  (1974).  However,  there  has  always  been  some  doubt  as  to  whether  such  centres  liave 
arrived  by  diffusion  or  have  been  created  by  the  'phonon  kick*  mechanism  that  was  postulated  by  Gold  and 
Weisberg  (1961). 

As  a result  of  these  measurements,  in  which  the  complete  form  of  the  decay  characteristic  has  been 
established,  we  believe  that  the  phonon-kick  mechanism  could  not  be  responsible  for  the  first  and  second 
stages  of  decay.  The  'phonon  kick*  principle  is  that  certaiji  non-radiative  recombination  events  can  give 
enough  energy  to  the  lattice  to  create  Frenkel  defects  (an  interstitial  and  a vacancy)  which  i..ight  then 

act  as  non-radiative  recombination  centres.  If  this  were  the  case  then  the  decay  rate  would  be  expected 

to  increase  with  time,  as  the  number  ol  non-radiative  events  increased.  Experimentally,  see  fig.  2,  the 
decay  rate  was  observed  to  decrease  with  time. 

There  are  two  likely  diffusion  processes  which  might  account  for  the  observed  decay,  these  are 
firstly,  the  diffusion  of  *inc  across  the  junction  or  secondly,  the  diffusion  of  a negatively  charged 
species  from  the  n-side  of  the  junction  into  the  recombination  region.  Both  of  these  processes  will  be 
shown  to  give  a degradation  behaviour  that  is  in  qualitative  agreement  with  the  observed  behaviour.  For 
the  diffusion  of  zinc  to  be  enhanced  by  the  forward  bias  the  diffusing  species  would  require  a positive 
charge.  It  has  been  suggested  by  Tuck  (1974)  and  others,  that  the  highly  mobile  zinc  interstitial  atom, 

which  is  believed  to  be  the  dominant  diffuser  of  the  zinc  species,  does  in  fact  act  as  a donor  and 

therefore  has  a positive  charge.  Also  the  measured  activation  energy  of  between  0.54  eV  and  O.84  eV  was 
not  thought  to  be  unreasonable  for  the  zinc  diffusion  process. 

The  second  process  involved  the  diffusion  of  a negatively  charged  "killer"  species  across  the  junction. 
At  this  time  it  is  only  possible  to  speculate  as  to  the  nature  of  such  a species.  However,  Schade  (1971) 
and  Fabre  (1974)  liave  found  that  defects  with  energy  levels  in  the  range  0.2  eV  to  0.55  eV  (from  either 
band)  are  created  during  the  degradation  of  ternary-compound  LEDs.  In  one  case  the  level  at  0.55  eV  was 
associated  with  copper. 

Using  either  model  the  first  three  stages  of  degradation  can  be  predicted. 

Diffusion  will  only  occur  in  the  forward  biassed  (reduced  junction  field)  regions.  The  application 
of  a forward  bias  therefore  defines  a finite  volume  of  material  i.e.  a finite  diffusion  source,  from 
which  diffusion  can  occur.  The  diffusion  rate  from  such  a source  will  decrease  continuously  with  tisie 
eventually  reaching  zero.  This  was  observed  experimentally  as  the  first  and  second  stages  of  decay. 

The  extreswly  long  stage  11  decay  was  believed  to  arise  from  diffusion  .at  the  periphery  of  the  emitting 
region  where  the  bias  was  less,  thus  the  diffusion  was  inhibited  by  the  larger  Junction  field.  In  support 
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of  this  belief  was  the  comparison  between  the  proton  implanted  and  silicon  dioxide  isolated  devices,  sec 
fig.  7.  In  the  implanted  device  the  peripheral  region  was  more  sharply  defined  than  in  the  Si02  device 
and  the  duration  of  the  stage  II  decay  was  shorter.  The  majority  of  the  devices  lifetested  have  shown 
the  first  two  stages  of  decay  and  have  now  readied  their  plateau  or  stable  output  region,  see  figures  8, 
9,  and  10.  From  figure  6 it  can  been  seen  that  for  operating  temperatures  around  room  temperature  a 
small  initial  drop  of  up  to  lOf  can  be  elected.  Allowing  for  a Sf  loss  of  output  during  the  second 
stage  of  decay  the  device  therefore  reaches  the  plateau  or  stage  III  with  probably  greater  than  85!?  of 
its*  original  output  power.  In  the  absence  of  any  other  degradation  process  it  is  believed  that  the  LED 
output  will  then  remain  constant. 

STAGE  IV  DECAY 


In  our  llfetests  only  one  device  has  shown  a stage  IV  decay,  see  figure  10.  Llfetests  at  higher 
tem^rature,  Wakefield  (1977),  have  shown  that  the  stage  TV  decay  begins  after  typically  2000  hours  at 
135  C (bias  cmrent  300  mA,  50  microns  LEDs).  These  devices  all  ejchibited  new  dark  spot  defects  in  their 
emitting  areas.  In  our  experiments,  although  we  do  not  yet  have  a significant  number  of  devices  at  their 
fourth  stage  of  decay,  some  dark  defect  growth  has  been  observed. 

Ikiring  the  second  and  third  stages  of  decay  faint  dark  patches,  see  figure  11,  appeared  in  the 
esilttlng  regions  of  most  LEDs.  With  subsequent  operation  these  patches  darkened  and  in  some  devices 
distinct  dark  spot  defects  were  produced  in  the  dark  patch  regions,  see  figure  12.  The  production  of  these 
defects  was  not  accompanied  by  a corresponding  loss  of  output  and  indeed  many  of  these  features  have 
appeared  during  the  stable  stage  III  period.  As  the  LFD  output  remained  constant  it  was  concluded  that 
these  dark  defects  were  conducting  little  or  no  current. 

At  this  time  we  do  not  have  enough  evidence  to  conclusively  determine  the  cause  of  these  dark  defects 
and  the  associated  fourth  stage  of  decay.  However,  a likely  process  is  the  diffusion  of  a 'killer*  species 
from  the  p-slde  contact. 


On  several  occasions  we  have  removed  the  p-slde  contact  from  degraded  devices  and  have  found  that 
port  of  the  contact  has  alloyed  with  the  GaAs.  The  alloy  particles  were  oriented  in  ^110^  direction  and 
were  similar  in  appearance  to  Au-Ca  precipitates  which  have  been  observed  by  Magee  et.  al  (1975)  after 
heating  a gold/GaAs  structure. 

After  heating  device  chips  400°C  for  5 minutes  and  then  removing  the  p-contact  we  have  detected  gold 
in  the  CaAs  surface  using  X-ray  microprobe  analysis.  On  one  occasion  we  have  found  features  at  the 
contact/semiconductor  interface  that  correspond  with  the  DPD  and  OSD  features  in  the  degraded  devices. 


If  gold  is  responsible  for  the  final  degradation  of  these  LED's  then  from  knowledge  of  the  gold 
diffusion  coefficient  the  time  before  a significant  amount  of  gold  reaches  the  junction  can  be  calculated. 
The  diffuslon_jgefflcient  of  gold  in  GaAs  at  room  temperature  is  given  by  Mochanova  (1972)  at  10"I°cm2s"I. 
Thking  D “ 10“^  and  Xj  “ 8 siicrons  (therefore  recombination  at  *^6  siicrons)  then  the  time  (T)  taken  for 
significant  amount  of  gold  to  reach  the  recombination  region  is  approximately  given  by: 


10 


Hr 


10"^cm^ 


cm  8 


“ 3.6  X 10^  sees. 
“=  10^  hours 


(3) 


At  135  C ambient  the  fourth  stage  of  decay  began  after  approximately  2,250  hours,  in  50  micron, 
SiO^,  LED's  operated  at  3OO  siA  D.C.  Using  eqn.  (3)  a value  of  the  diffusion  coefficient  at  135°C  was 
calculated  (again  assusiing  a 6 micron  diffusion). 

Dj^jjOg  - 3.6  x 10~^ •=  4.4  X 10~^cm^S~^ 

2.25  X 10^  X 3.6 

Using  this  value  and  the  value  quoted  by  Molchanova  (1972)  for  D at  room  temperature  (10“^^cm^S”^)  an 
activation  energy  of  0. 55  eV  was  calculated  using  the  Arrenhlus  relationship,  see  TUck  (1974). 

D - D exp  -Q 

Tt  (4) 


where  A “ activation  energy 
k ■■  Boltzmann's  const. 

T absolute  temperature 
Do  “ constant 

The  activation  energy  for  gold  diffusion  in  GaAs  is  unknown,  however  in  other  III-V  compounds  (in 
which  a similar  diffusion  process  would  be  expected)  this  value  varies  between  O.32  eV  and  O.65  eV.  Thus 
the  evidence  which  is  available  to  date  Indicates  that  the  diffusion  of  gold  from  the  p-contact  is  the 
probable  cause  of  the  stage  IV  decay  in  LED's,  On  this  basis  the  llfetiaie  of  these  devices  (with  Ti/Au 
contacts)  will  be  limited  to  approxisiately  10"  hours  at  room  temperature. 


CONCLUSIONS 


It  has  been  shown  that  the  species  responsible  for  the  initial  stages  of  degradation  eventually 
becomes  exhausted  and  that  during  normal  operation  the  LED  output  then  remains  constant  at  approximately 
65X1  of  its  original  level. 


) 

i 


The  stage  IV  decay  process  is  believed  to  be  due  to  gold  diffusing  from  the  Ti/Au  p-slde  contact. 
This  decay  is  not  thou^t  to  present  a serious  lisiltatlon  to  LED  lifetime  as  work  on  contacts  for  IMPATT 
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devices  (Purcell,  J,,  l'>77)  has  shown  that  a much  greater  contact  stability  can  be  achieved  by  the 
deposition  of  a palladium  or  platinum  layer  between  the  titanium  and  gold  regions  of  the  contact. 
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Subtraction  procedure 

(a)  Plot  true  decay  curve  A 

(b)  From  stage  E extrapolate  curve  B 

(c ) Construct  curve  A B and  obtain  best 
straight  line  fit  to  equation  1 


too  ibo  m 

Hours 

Fig.3  Subtraction  to  obtain  the  stage  I decay  rate 
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Fig.4  Decay  rate  at  a function  of  reciprocal  tei.iperature 


Fig.  1 1 Dark  patch  defects 


Fig.  1 2 Dark  patch  defects  and  new  dark  spot  defects 
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RESUME 

Nous  examinons  quelques  uns  des  principaux  prob limes  qui  se  posent  lors  de  la  concep- 
tion ou  de  la  realisation  d'un  module  d'imission  A laser  semiconducteur . Nous  etudions  successivement  : 


- L'embase  emettrice  constitute  de  : 

. la  puce  laser  et  son  support  radiateur, 

. la  "tete  optique"  de  couplage  laser/Cibre, 

. la  fibre  optique  intermed iaire  et  son  conditionnement  d'extrimitt, 
. les  moyens  de  controls  du  fonctionnement  de  l'embase. 

- Les  circuits  de  comnande  et  de  controle  de  l'embase  : 

. circuit  tlementaire  de  commande, 

. regulation  en  temperature  du  bottier  laser, 

. controle  de  la  puissance  optique  de  sortie. 


SUMMARY 


We  discuss  some  of  the  most  important  problems  regarding  the  design  and  the  realiza- 
tion of  an  injection  laser  transmitter  module.  We  consider  successively  : 

- The  emitter  unit  consisting  of  : 

. the  laser  chip  and  its  heat  sink, 

. the  "laser-to-f iber  coupling  optical  head", 

. the  intermediate  optical  fiber  and  its  termination, 

. the  working  tests  of  the  emitter  unit. 

- The  driving  and  control  circuits  : 

. elementary  driving  circuit, 

. temperature  regulation  of  the  laser  case, 

. optical  power  output  control. 


Le  module  d' Emission  A laser  semiconducteur  constitue  une  interface  entre  le  signal 
electrique  et  le  signal  optique  en  vue  de  sa  transmission  par  une  fibre  optique.  Le  module  d'emission  que 
nous  etudions  ici  (Figure  I)  comprend  un  composant  essential  qui  est  l'embase  Amettrice  A laser  semiconduc- 
teur et  des  circuits  fondamentaux  de  regulation  (tempArature  de  fonctionnement  du  laser  et  controle  du 
signal  optique  de  sortie). 

Nous  allons  examiner  dans  ce  qui  suit  quelques  problemes,  parmi  les  plus  importants, 
que  I'on  rencontre  lors  de  sa  conception  ou  de  sa  rSalisationt  Des  problAmes  qui  seront  lies  A la  nature 
du  laser  semiconducteur  ou  A I'etat  d'avancement  des  travaux  dans  ce  domaine  ou  des  problAmes  directement 
issus  des  premiAres  exigences  d'un  pre-dAveloppement  industriel  futur. 


1 - EMBASE  emettrice  a laser  SEMICONDUCTEUR 

Le  laser  semiconducteur,  par  lui-meme,  ne  constitue  pas  un  composant  directement 
manipulable  et  utilisable  lors  de  I'Alaboration  d'un  module  d'Amission.  A cutte  notion  de  composant  doit 
etre  associAe  celle  d'embase  Amettrice  A laser  semiconducteur  qui  est  essentiel lament  constituAe  par 
(Figure  2)  : 

- la  puce  laser  et  son  support  radiateur, 

- la  "tete  optique”  de  couplage  laser/fibre  supportant  I'optique  de  couplage  et  I'extrAmitA  d'entrAe 
de  la  fibre  intermAdiaire, 

- la  fibre  optique  intermAdiaire  qui  achemine  le  signal  lumineux  A I'extArieur  de  l'embase.  Cette  fibre 
est  choisie  (diamAtre  de  coeur,  Apaisseur  de  gaine,  ouverture  numArique)  et  compatible  avec  la  fibre 
de  transmission  de  la  liaison  envisagAe-  Son  extrAmitA  est  munie  d'un  connecteur, 

- les  moyens  de  controle  du  fonctionnement  de  l'embase  : controle  de  la  puissance  optique  Amise  A 
I'aide  d'un  photodAtecteur  situA  en  regard  de  la  face  arriAre  du  laser  et  controle  de  la  tempArature 
du  bottler  laser,  par  exemplc,  au  stoyen  d'une  thermistance  introduite  dans  celui-ci. 

Chacune  de  css  parties  est  positionnAe  avec  prAcision  et  scellAe  sur  une  semelle 
rigide  coeaune  en  bon  contact  thcrmiquc  avec  le  bottier  laser.  L'ensemble  est  placA  dans  un  bottier  et 
l'embase  Amettrice  se  prAsente  evec  une  entrAe  de  coimsande  du  laser,  uns  sortie  du  signal  optique  'n 
bout  de  fibre  intermAdiaire  et  deux  sorties  Alectriques  de  contrSle  (controle  de  la  puissance  optique  et 
contrSle  de  la  tempArature) . 

Nous  allone  dans  ce  chapitre  examiner  lee  diffArentes  parties  constituantes  de  l'embase 
Amettrice  A leser  semiconducteur. 
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1.1-  Le  l«»er  temiconducteur 

Lm  puce  laser  semiconducteur  operant  en  regime  continu  est  du  type  double  h£t£ro- 
structure  Ga|-x  Al^  As/Ga|-y  Aly  As.  La  zone  active  localisSe  par  implantation  protonique  se  pr£sente 
sous  la  forme  d'un  ruban  de  12/uin  delarge  , AOO^um  de  long  et  0.3/um  d'gpaisseur.  Pour  les  lasers  consi- 
diris  ici,  les  valeurs  de  x et  y sont  respectivement  0.35  et  0.08,  la  longueur  d'onde  d'Smission  8tant 

de  630  nm  avec  une  largeur  spectrale  de  I'ordre  de  2 nm.  Les  courants  de  seuil  sont  voisins  de  ISOmA  et 

les  puissances  lustineuses  utiles  sont  de  I'ordre  de  5iiM  par  face.  AprSs  un  tri  sous  pointe  des puces  laser 
(1  ),  cclles-ci  sont  soudies  cotA  couche  ipitaxiale  sur  le  bottier  en  cuivre  prScSdenmient  dor8  et  indi£ 
et  ce  avec  une  bonne  reproductibilitA  au  niveau  de  la  thermique.  Enfin  le  contact  est  pris  A I'aide  d'un 
ruban  d'or.  Une  courbe  de  la  puissance  optique  Amise  par  la  face  avant  en  fonction  du  courant  d' injection 
en  regimes  impulsionnels  et  continue  est  donndeen  exemple  A la  Figure  4. a. 

Une  photographic  de  lasers  montAs  sur  leur  bottier  est  montrAe  A la  Figure  3.  Les 

dimensions  typiques  du  bottier  sont  20x6x3  nn  . Des  caractAristiques  plus  prAcises  des  lasers  sont 

donnAes  au  cours  des  paragraphes  suivants. 

1.2-  Le  couplage  laser/fibre 

Les  propriAtAs  optiques  d'un  laser  semiconducteur  sont  obtenues,  pout  un  courant  d 'in- 
jection donnA,  d'une  part  en  mesurant  la  largeur  de  la  zone  Amissive  (champ  proche)  et  d'autre  part  en 

mesurant  la  rApartition  angulaire  de  la  puissance  optique  issue  du  laser  dans  les  plans  parallAle  et  per- 
pendiculaire  A la  junction  (champ  lointain) . Un  exemple  est  donnA  A la  Figure  4 pour  un  laser  dont  la 
largeur  de  la  zone  Amissive  est  d'aaviron  11. um  et  les  demi-angles  A I/e  sont  30°  (plan  perpendiculaire 
A la  junction)  et  5*  (plan  parallAle  A la  jonction).  Le  faisceau  laser  prAsente  done,  du  fait  de  la  gAo- 
mAtric  de  la  zone  Amissive,  un  astigmatisme  important  dont  une  forte  divergence  dans  le  plan  perpendi- 
culaire A la  jonction  qu'il  faut  corriger  si  nous  voulons  obtenir  un  bon  rendement  de  couplage  avec  une 

fibre  multimode  de  faible  ouverture  numArique. 

Hormis  le  couplage  direct  (2)  qui  est  intAressant  (faibles  tolArances  de  positionnement) 
dans  le  cas  de  fibres  A larges  ouvertures  numAriques  (^  0.3)  et  qui  de  plus  fournit  une  rAfArence  pour 
I'Avaluation  comparAe  des  performances  des  diffArents  types  de  couplage,  un  grand  nombre  de  mAthodes  de 
couplage  ont  AtA  proposAes.  L'ensemble  de  ces  mAthodes  fait  gAnAralement  appel  A une  microopLique  de 
couplage  constituAe  ; 

- soit  d'une  lentille  hAmisphArique  ou  hAmicylindrique  rAalisee  en  bout  de  fibre  par  fusion  (3-6), 
par  dApot  de  rAsine  hepoxy  (7),  par  photolithographie  (8)  ou  par  usinage  ionique  (9). 

- soit  d'une  lentille  hAmicylindrique  hyperbolique  rAalisAe  par  abrasion  (10,  II). 

- soit  d'une  fibre  lentille  cylindrique  placAe  A 90*  devant  la  face  d'entrAe  de  la  fibre 
de  transmission  (13) 

- soit  d'une  fibre  conique.  Le  cone  Atant  obtenu  par  attaque  chimique  ou  par  Atirage 
A chaud  ( 14) . 

Les  performances  de  ces  diffArentes  solutions  sont  trAs  variables  et  dApendent  trAs 
foitcment  des  conditions  expArimentales  dont  la  divergence  du  faisceau  laser  et  I'ouverture  numArique  de 
la  fibre.  Le  facteur  de  qualitA  (P  couplAe  avec  une  optique/F  couplAe  en  direct)  peut  verier  de  2 A 5 
suivant  les  cas.  Pour  le  couplage  direct,  son  rendement,  si  on  suppose  le  faisceau  gaussien  et  le  cone 
d'acceptance  de  la  fibre  uniforme  (fibre  A saut  d'indice)  est  donnA  par  (2)  : 

oO  sin  9 * ouverture  numArique  de  la  fibre. 

“ dcnt-sngle , A I/e  dans  la  puissance,  dans  le  plan  perpendiculaire 
' (.1  ) ou  parallAle  i/}'  ) A la  jonction. 

R ■ rAflexion  de  Fresnel  ( SZ) . 


b<r 


La  fonction  crf(tg9  /tg0(  ) est;  reprAsentAe  A la  Figure  5. 

On  peut  voir  sur  cette  courbe  que 'pour  une  fibre  d'ouverture  numArique  0.3  et  pour 
un  laser  de  30*x5*  le  rendement  de  couplage  sera  dAjA  voisin  de  50Z.  Or  on  s'aperqoit,  sur  le  tableau  ci- 
aprAs,  que  si  I'adjonction  d'une  optique  de  couplage  amAliore  le  rendement  elle  nAcessite  en  revanche  un 
positionnement  trAs  prAcis.  De  ce  fait,  pour  des  fibres  de  grandes  ouvertures  numAriques  il  ne  sera  pas 
nAceseairement  utile,  dans  I'esprit  d'une  industrialisation  Aventuelle,  d'amAliorer  le  rendement  de 
couplage  au  prix  de  tolArances  sAvAres.  II  n'en  est  plus  de  meme,  comse  on  peut  le  voir  sur  le  tableau 
comparatif  ci-aprAs,  dans  le  cas  des  fibres  A faibles  ouvertures  numAriques. 
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A ■ distance  Laser  ~ Optique  de  couplage 

Y « deplacement  dans  le  plan  perpendiculaire  A la  jonction 
X * deplacement  dans  le  plan  de  la  jonction 


\ Ti.  correspondent  respectivement  aux  rotations  dans  le  plan  de  la  jonction  (axe  de  rotation  per- 
pendiculaire au  plan  de  la  jonction)  et  perpendiculalrement  au  plan  de  la  jonction  (axe  de  rotation  con- 
fondu  avec  la  face  de  sortie  du  laser).  Les  tolerances  correspondent  A 90Z  de  I'efficacitS  maximale.  II 
n'est  pas  tenu  compte  dans  ce  tableau  des  reflexions  de  Fresnel  que  I'on  peut  estimer  A 5Z  par  interface. 

La  tolerance  la  plus  severe  porte  aur  le  deplacement  perpendiculaire  au  plan  de  la 
jonction  (Y)  et  il  faut  envisager,  lors  de  la  conception  de  I'embase,  d'utiliser  soit  des  pieces  meca- 
niques  severement  tolerancees,  soit  d'avoir  recours  h des  methodes  de  couplage  en  dynamique. 

Nous  presentons  ici  une  solution  que  nous  avons  etudiee  au  laboratoire  et  qui  est 
basee  sur  le  principe  propose  par  Weidel  (13).  Cette  solution  qui  utilise  une  fibre  placee  i 90*  de  la 
fibre  intermediaire  (Figure  6)  comne  microlentille  cylindrique  de  couplage,  presente  un  certain  nombre 
d'avantages  dont  : la  reproductibilite,  la  facility  de  mise  en  oeuvre  (possibilite  d'un  montage  collectif 
de  la  fibre  intermediaire  et  de  la  fibre  lentille)  et  la  possibilite  d'extension  au  couplage  simultane  de 
plusieurs  fibres  intermediaires  A une  barette  de  lasers  semiconducteurs  par  example. 

La  "tete  optique'*  representee  i la  Figure  6 est  constitute  d'un  plan  dereftrence  et  de 
tiges  dont  le  but  est  de  guider  et  positionner  automatiques^nt  les  fibres  lentille  et  intermediaire.  La 
tete  optique  support  des  tltments  de  couplage  est  alors  aisement  manipulable  et  on  vient  la  prtpositio- 
ner  devant  le  boitier  laser  semiconducteur . 

Au  moyen  de  micromouvements  de  rotation  et  de  translation,  onoptimise  le  couplage 
laser/fibre  en  controlant  la  puissauce  optique  en  sortie  de  la  fibre  intermediaire.  Ayant  attaint  la  posi- 
tion optimale  on  scelle  la  tete  optique  de  couplage  sur  la  semelle  de  cuivre  sur  laquelle  avait  ete  pre- 
alablement  soude  le  boitier  laser.  Des  facteurs  de  qualite  de  2 A 3 ont  ete  ainsi  obtenus  de  faqon  repe- 
titive avec  des  fibres  A saut  d'indice,  de  faible  ouverture  numerique  (^  0.12).  Bien  sur,  ceci  suppose 
que  la  puce  laser  semiconducteurait  etA  aoud^e  au  bord  de  son  boitier  et  que  I'axe  micanique  de  ce  dernier 
ne  s'ecarte  pas  de  plus  de  quelques  degrSs  de  I'axe  optique  du  laser. 

Notons  enfin  que  le  facteur  de  qualite  de  1 'optique  choisie  depend  egalement  du  niveau 
de  courant  d* injection  dans  le  laser,  les  champs  proche  et  lointain  ainsi  que  la  proportion  de  fluores- 
cence ^tant  UmA  ce  dernier  parametre  (13). 


1.3-  L'embout  de  fibre  intertaidiaire  ; le  connecteur  fibre/fibre 

L'extrAmitA  de  sortie  de  la  fibre  intermediaire  doit  etre  conditionnee  de  telle  sorte 
qu'elle  soit  directement  connectable  A la  fibre  de  transmission.  De  ce  fait,  son  mode  de  conditionn^'ment 
est  directement  liA  A la  connectique  envisagAe. 

La  connexion  des  fibres  optiques  contrairement  aux  contacts  electriques  se  fait  en 
butAe.  L'alignesMnt  des  fibres  A connecter  dolt  se  faire  avec  une  trcs  grande  prAcision.  A la  Figure  7. a 
sont  schAmatisAes  trois  sources  mAcaniques  de  pertes  : le  mAsallgnement  axial  S , la  distance  d entre 
les  conncctAs  et  le  mAsalignement  angulaire  4^  • En  plus  des  pertes  mAcaniques  il  faut  tenir  compte  des 
pertes  dues  A I'Atat  de  surface  des  faces  des  fibres  et  aux  rAflexions  de  Fresnel  sur  celles-ci.  Nctons 
que  la  connexion  sera  amAliorAe  en  disposant  un  diAlectrique  adaptateur  d'indice  entre  les  deux  faces  des 
fibres.  La  connexion  reste  nAanmoins  extrAraement  sensible  au  paramAtre  f . A la  Figure  7.b  sont  tracAes 
les  pertes  en  dB  A la  connexion  en  fonction  du  mAsalignement  axial  normalisA  ^/Dc*  (D^  • diamAtre  du 
cocur  de  la  fibre).  On  peut  voir  que  pour  un  mAsalignement  de  lOZ  on  obtient  une  perte  voisine  de  0.6dB. 


Pour  une  fibre  de  50. urn  de  diamAtre  de  coeur  et  de  0.2  d'ouverture  numArique,  les 
tolArances  de  connexion  sont  pour  90Z  de  transmission  (sans  adaptateur  d'indice). 
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Plusleurs  configurations  de  connecteurs  monovoies  d^tachables  ont  propos^es.  Pour 
la  plupart  elles  se  rdpartissent  dans  deux  groupes  : I'un  oH  le  positionneinent  des  fibres  se  fait  'Ians  un 
sillon  (13'’19),  I'autre  oQ  chacune  des  fibres  est  centres  dans  un  embout  de  r^f^rence  (20*2A)«  Les  per- 
formances  obtenues  dependent  des  fibres  utilis^es  (ouverture  num^rique,  diaa^tre  du  coeur,  nature  de  la 
fibre  ...)  mais  les  pertcs  d la  connexion  detachable  restent  toujours  inferieures  d IdB  sans  liquids 
adaptateur  d'indice. 


ci'^dessus. 


Nous  avons  etudie  au  laboratoire  deux  embouts  appartenant  au  deuxieme  groups  ^voque 


Le  premier  dont  on  pe.  t voir  la  photographic  de  la  face  de  sortie  (Figure  8. a) 
utilise  trois  tiges  rigides  parfaitement  ca'ibrees  dont  le  diametre  est  6^4  fois  celui  de  la  fibre  d condi* 
tionner.  Ces  trois  piges  ont  un  double  role  le  premier  est  de  centrer  la  fibre  optique  par  rapport  au 
cercle  circonscrit  au  trois  piges  et  le  secoi  1 est  de  fournir  trois  generatrices  de  reference  pour  la 
piece  intermediaire  de  connexion  qui  peut  etr^*  une  simple  bague  fendue.  Cette  solution  ft  I'avantage  d'as* 
surer  un  positionnement  automatique  et  precis  la  fibre  < ^ 3/ua)  au  centre  d'une  reference  raecanique. 
Elle  est  deplus  reproductible.  La  forme  de  la  cav..te  reccvant  la'fibre  permet  une  Introduction  aisee  de 
celle-ci  (guidage  sur  trois  generatrices)  et  constitue  eventuellement  une  reserve  pour  les  produits  de 
scellement.  Des  connexions  ft  moins  de  IdB  de  perte  sans  liquide  adaptateur  d’indice  ont  ete  aisraent  r^a* 
lisees  dans  ces  conditions.  Neanmoius  I'^troite  dependence  du  diametre  des  piges  envers  le  diametre  ex' 
terieur  de  la  fibre  rend  cette  solution  laborieuse  quant  ft  la  selection  des  pigesdes  lors  que  le  diametre 
exterieur  de  la  fibre  peut  verier  de  plusleurs  microns. 

Le  deuxieme  ftmbout  etudie  au  laboratoire  est  un  embout  ft  pincement.  On  peut  voir  une 
photographic  de  sa  face  de  sortie  ft  la  Figure  8.b.  II  s’agit  d'une  piece  centrale  percee  suivant  son  axe 
et  fendue  dans  laquelle  passe  I'extrftmite  de  la  fibre  ft  condi tionner . Par  faction  d'un  fourreau  coulis^ 
sant  on  referme  les  fentes  ce  qui  a pour  effet  de  centrer  la  fibre  par  rapport  ft  la  surfaceextftrieure  du 
fourreau  (non  visible  sur  la  photographic)  et  d'assurer  le  maintien  de  la  fibre  dans  I’embout.Une  telle 
solution,  outre  les  avantages  de  facilite  de  mise  en  oeuvre  et  de  reproductibilite,  ne  necessite  aucun 
scellement  de  la  fibre  (meme  dans  le  cas  d'un  polissage  ulterieur)  et  dans  une  tres  large  mesure  est  in*~ 
dependant  du  diametre  de  la  fibre  a connecter.  De  plus,  elle  permet  de  conditionner  aussi  facilement  les 
fibres  ft  gaine  optique  souple  (fibre  silice/siliconcpar  exemple)  meme  si  le  coeur  n'est  pas  centrft  dans 
la  gaine  puisque  le  serrage  s'effectue  alors  sur  le  coeur  meme  de  la  fibre. 

Pour  les  fibres  ft  gaine  optique  rigide  nous  obtenons  les  memes  r^sultats  que  pour 
I'embout  precedeoDent  decrit.  Dans  le  cas  des  fibres  ft  gaine  optique  souple  nos  premieres  mesures  nous 
ont  donne  de  fa^on  repetee  des  pertes  infftrieures  ft  2dB  sans  liquide  adaptateur  d'indice,  les  pertes 
supplementaires  itant  essentiellement  dues  ft  la  perturbation  des  caracteristiques  optiques  de  la  fibre 
dans  les  deux  embouts  connectes.  Ces  pertes  ont  fttft  estimees  ft  0.7dB  par  embout.  Nous  pensons  ameliorer 
ce  resultat  notannent  en  controlant  precisement  la  pression  de  serrage  exerefte  sur  la  fibre. 

Concernant  la  position  de  I'embout  relativement  ft  I'embase  emettrice  or  peut  envisager 
deux  configurations  suivant  que  I'embout  est  fixft  directement  sur  le  boitier  de>  I'embase  (dans  ce  cas  la 
fibre  intermediaire  assure  un  decouplage  mecanique  entre  la  tete  optique  et  le  connecteur)  ou  qu'll  est 
indSpendant  du  bottier  de  I'embase  et  situft  au  bout  d'une  fibre  inten^diaire  de  3 ou  lOcm  de  long.  Cette 
derniftre  eventualite  confftre  plus  de  souplesse  au  composant  lors  de  la  realisation  du  module  emetteur  mais 
presente  des  risques  accrus  de  deterioration  lors  de  son  utilisation  et  de  sa  manipulation  sur  le  terrain. 
Ces  deux  options  ont  ete  envisagees  et  son  representees  aux  Figures  9 et  10. 
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1.4-  Les  moyens  de  controle  du  fonctionnement  du  laser 

Dans  1 'encase  ftmettrice  doiven^  egalement  prendre  place  les  moyens  de  mesure  suscep- 
tibles  de  permettre  un  controle  permanent  des  conditions  de  fonctionnement  du  laser  semiconducteur  : 

- controle  de  la  temperature  du  bottier  laser,  par  exemple  au  moyen  d'une  thermistance 
introduite  dans  le  bottier. 

- controls  de  la  puissance  optique  issue  de  la  face  arriftre  du  laser.  Pour  ce  faire, 
plusieurs  possibilitfts  sont  envisageables  : 

- Mise  en  place  d'une  fenetre  ft  I'arriere  de  I'embase. 

- Utilisation  d'une  fibre  optique  relais  de  large  ouverture  numerique  pour 
collecter  efficacement  la  lumiere  et  la  vehiculer  ft  I'extftrieur  de  I'embase. 

Dans  ce  cas  toute  libertft  est  donnee  lors  de  I'ilaboration  du  module  emetteur, 
quant  au  choix  du  photod^tecteur  et  de  son  emplacement  (contre  reaction  rapide) . 
Comne  pour  la  fibre  intermediaire,  I'extrftmitft  conditionnee  de  sortie  de  la 
fibre  relais  peut  etre  fixee  sur  une  parol  de  I'embase. 

- Une  photodiode  peut  etre  positionnfte  ft  distance  convenable  de  la  face  arriftre  du 
laser.  Dans  ce  cas  la  sortie  de  controle  sera  une  sortie  ftlectrique  et  des  pre- 
cautions particuliftres  sont  ft  prendre  pour  eviter  toute  interference  avec  les 
courants  d'injection  destines  au  laser. 


Ainsi  const! tufte I'embase  emettrice  est  caracterisee  par  la  donnee  de  la  puissance  opti- 
que issue  d'une  fibre  connue  (diamfttre  du  coeur  et  ouverture  numerique)  en  fonction  des  conditions  d'in- 
jection du  courant  (regime  continu  ou  impulsionnel)  et  des  valeurs  des  paramfttres  de  controls. 


2 - LA  COWIANDE  ET  LE  CONTROLE  DE  L'EMBASE  EMETTRICE 

Le  cofiposant  embase  emettrice  ft  laser  semiconducteur  peut  etre  insftre  dans  un  module 
dont  les  caracteristiques  sont  pre-determinees  par  1 'utilisateur  et  sont  independantes  des  phenomftnes  de 
degradation  ct  des  fluctuations  de  temperature  dans  un  intervalle  connu.  Le  module  comprend  alors  cn  plus 
de  I'embase  empttrice  un  circuit  eiementaire  de  coamande  et  les  regulations  en  temperature  et  en  puissance 
optique  de  sortie.  Nous  allons  examiner  dans  ce  chapitre  ces  differences  fonctions  et  les  problftmes  qui 
Leurs  sont  lies. 
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2.1  - circuit  tUwcnfif  d<  coiande 

Cc  circuit  « pour  but  d*«dapter  les  signaux  ^lectriques  aux  conditions  d’utilisation 
d'uB  laser  seaiconductcur . C'est  un  simple  transformateur  d'imp^dance  qui  d'un  signal  d'entr^e  moduli 
en  tension  ddlivre  un  signal  isodul#  en  courant  avec  ^ventuellement  un  gain  en  puissance.  Ce  circuit  peut 
etre  compatible  TTL»  ECL  ou  peut  etre  spicifique  d*un  systdme  particulier  (Haut  d^bit  d'information>. 

2.2  - La  regulation  en  temperature  du  bottier  laser 

Pour  illustrer  Les  principaux  effete  de  la  temperature  sur  le  comportement  micros* 
copique  du  laser,  nous  avons  trace  d la  Figure  It  la  caracteristique  P(I)  d'un  laser  d diverses  tempera- 
tures. Les  courbes  de  la  Figure  12  representent  les  variations  du  courant  de  seuil  Is  et  du  courant  lo 
necessaires  e I'obtention  d'une  puissance  optique  de  5mW  en  function  de  la  temperature. 

Lorsque  la  temperature  du  bottier  augmente  on  constate  : 

* Une  augmentation  du  courant  de  seuil  du  laser  et  de  la  proportion  de  lumidre 
incoherente  h puissance  globale  emise  constante. 

* Une  diminution  du  rendement  differentiel  et  une  acceleration  des  processus 
de  degradation  du  laser. 

II  est  done  necessaire  lorsqj»«  1 es  .c.ondi.tipns  operatoires  f*exigent  de  thermostater 
le  bottier  laser  i une  temperature  determinee  par  les  normes  adoptees. 

Une  solution  que  nous  avons  etudiee  au  laboratoire  consiste  d utiliser  pour  la  regu- 
lation en  temperature  des  microfrigatrons  comnandes  par  la  sonde  de  temperature  isaie  du  bottier  et  dont  la 
face  froide  est  en  contact  tliermique  avec  la  semelle  de  I'embase  emettrice  et  la  face  chaude  est  pressee 
contre  la  semelle  du  module  d'emission.  Les  puissances  necessaiies  d la  regulation  sont  typiquement  de 
I'ordre  de  quelques  centaines  de  milliwatts  et  les  corrections  ne  s'effectuent  que  sur  les  variations  lentes 
de  la  temperature.  Remarquons  qu'une  grande  precision  sur  la  temperature  n*est  pas  necessaire  (a/  quelques 
degres)  les  contre-reactions  sur  les  courants  de  seuil  et  de  modulation  pouvant  compenser  ses  effets. 


2.3  * Controle  de  la  puissance  optique  de  sortie 

De  taeme  que  la  temperature,  la  degradation  du  laser  influe  sur  ses  caracteristiques . 
L'eievation  progressive  du  seuil  diminue  la  puissance  optique  continue  Po  due  h la  pre^polarisation  et  la 
puissance  optique  moduiee  et  la  degradation  du  rendement  differentiel  diminue  I'amplitude  de  modulation 
du  signal  optique  s'agit  done  de  controler  ces  deux  parametres  et  la  detection  de  la  puissance  opti- 

que emise  par  la  face  arriere  du  laser  nous  en  fournit  les  moyens.  Conme  I'a  montre  Epworth  (25)  une  contre- 
reaction  optique  lente  realisee  d partir  du  signal  detecte  fournit  des  resultats  satisfaisants . Dans  notre 
schema  (Figure  1)  cette  contre-reaction  s'applique  au  courant  de  seuil  et  h I'amplitude  en  tension  du 
signal.  Reste  k pre-seiectionner  Po  et  Pji^.  Le  courant  de  pre-polarisation  sera  choisi  juste  au-dessus  du 
seuil  de  fa^on  d limiter  le  retard  indesirable  entre  I'impulsion  de  courant  et  I'impulsion  lumineuse.  Une 
pr^-polarisation  trop  elevee  serait  prejudiciable  h la  durce  de  vie  du  laser  et  d I'amplitude  de  modula- 
tion disponible.  En  effet,  la  puissance  optique  modul^6  est  limitee  soit  par  la  puissance  crete  permise 
par  Le  laser  (a/  lOmU  par  face),  soit  par  la  presence  de'Vinks" encore  souvent  presents  au-dessus  de  bvM 
par  face. 

Notons  que  le  choix  de  Po  et  P^  nous  amdnera  k fixer  par  module  un  niveau  de  pr£- 
polarisation  et  une  amplitude  de  modulation  qui  diifdrera  suivant  les  embases  d'emission,  corrigeant  ainsi 
les  differences  des  caracteristiques  d'un  bottier  laser  k I'autre. 

L'utilisation  de  la  puissance  optique  issue  de  la  face  arriere  du  laser  conine  refe- 
rence de  contre-reaction  suppose  que  celle-ci  est  propcrtionnelle  k la  puissance  optique  couplee  dans  la 
fibre  intermediaire . Cette  supposition  n'est  pas  toujours  verifies  soit  que  le  rendement  de  couplage  varie 
avec  le  courant  d'injection  (variation  du  champ  proche,  du  diagranne  de  rayonnement,  de  la  proportion  d'in* 
coherent  ...),  soit  que  la  puissance  emise  par  la  face  arridre  n'est  pas  proportionnelle  k la  puissance 
issue  de  U face  avant. 


Nous  avons  realise  au  laboratoire  deux  premieres  maquettes  de  module  d'emission 
depourvues  des  circuits  de  regulation.  A la  Figure  9 est  presentee  la  photographic  d'un  module  destine  k 
une  liaison  ayant  un  debit  de  100  Mbits/s.  Le  circuit  de  commande  est  compatible  ECL.  La  fibre  inter- 
mediaire  a un  coeur  de  200/um  de  diamdtre  et  une  ouverture  numerique  de  0.3.  Elle  est  comme  on  peut  le 
voir  sur  la  photographie  coupiee  directement  au  laser  semiconducteur . Le  connecteur  d'extremite  est  fixe 
sur  la  face  avant  du  module. 

La  Figure  10  represents  la  photographie  d'un  module  d'emission  destine  k une  liaison 
television.  L'entree  est  adaptee  75  XX  . Le  circuit  de  codage  (ici  PVM)  est  inclimdans  le  module.  Le 
circuit  eiementaire  d'attaque  est  inclusd  I'embase.  Son  temps  de  montee  est  de  Ins.  Le  couplage  laser/ 
fibre  est  fait  au  moyen  d'une  fibre  lentille.  On  peut  voir  la  te:e  optique  de  couplage  et  les  piges  de 
positionnement.  La  fibre  intermidiaire  est  terminus  par  un  enbout  k pincement. 
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SUMMARY 

Over  the  past  seven  years  there  has  been  substantial  effort  directed  towards  the 
development  of  reliable  Injection  laser  diodes  that  operate  continuously  at  and  above 
room  temperature.  This  work  which  produced  numerous  Improvements  In  laser  design, 
epitaxial  and  wafer  processing,  laser  assembly  techniques  and  an  understanding  of  the 
various  laser  degradation  mechanisms  has  lead  to  the  fabrication  under  laboratory 
conditions  CW  laser  diodes  which  have  exhibited  over  ten  thousand  hours  of  operating 
lifetime  at  room  temperature  as  well  as  commercially  available  CW  lasers  which  exhibit 
lifetime  of  several  thousand  hours.  This  paper  describes  some  of  the  laser  designs 
and  GaAs  and  GaAlAs  epitaxial  and  wafer  processing  technology  currently  used  In  the 
fabrication  of  laser  diodes  which  are  intended  for  incorporation  into  fiber  optic 
communication  or  data  link  systems.  Two  classes  of  laser  diodes  are  described; 

CW  laser  diodes  emitting  up  to  75mw  and  devices  emitting  in  excess  of  200mw  peak 
pulsed  power  at  27°C  at  duty  cycles  up  to  10%.  Both  groups  of  devices  are  fabricated 
from  double  hetero junction  GaAs  and  GaAlAs  liquid  phase  epitaxial  structures  as  first 
proposed  by  Hayashi  in  1970.  In  addition,  these  devices  all  contain  monolithic  stripe 
geometry  emitting  regions  similar  to  those  described  by  Itoh  in  1974.  The  processing 
utilized  in  the  fabrication  and  assembly  of  these  devices  is  presented  in  detail  with 
particular  emphasis  on  liquid  phase  epitaxy  and  monolithic  stripe  generation.  The 
problems  encountered  in  the  transfer  of  these  processes  from  a research  environment 
to  a manufacturing  operation  are  discussed. 

Data  is  presented  showing  laser  emitted  power  both  pulsed  and  continuous,  the 
angular  distribution  of  emitted  power,  emission  wavelength  and  bandwidth,  optical 
coupling  efficiency  to  various  fibers  and  laser  lifetimes.  In  addition,  the  interaction 
between  laser  threshold  current  density,  thermal  impedance,  emitted  beam  distribution 
and  fiber  optic  coupling  is  described.  Several  fiber  optic  laser  coupling  schemes  are 
described  with  particular  emphasis  on  device  concepts  currently  either  in  commercial 
production  or  pilot  production. 

Finally,  the  results  of  qualification  testing  pulsed  laser  diodes  to  standard 
military  environmental  and  performance  test  requirements  are  described  with  specific 
data  presented  showing  the  value  of  burn-in  testing  to  eliminate  from  test  lots  lasers 
which  exhibit  abnormally  short  lifetimes. 


This  paper  describes  the  fabrication  and  performance  characteristics  of  injection 
lasers  and  light  emitting  diodes  currently  being  developed  for  use  in  fiber  optics 
communication  or  data  link  systems.  Emphasis  is  directed  on  device  design  and  GaAs  and 
GaAlAs  epitaxial  and  wafer  processing  technology  currently  in  use  for  the  routine 
manufacture  of  commercial  light  emitting  diodes  and  high  duty  cycle  or  CW  room  temperature 
injection  laser  diodes.  Therefore,  the  device  performance  results  which  are  discussed 
are  typical  of  manufactured  devices  rather  than  the  best  results  observed  in  our 
laboratory.  While  the  processing  technology  which  is  described  is  based  on  the  fabrication 
of  CW  room  temperature  laser  diodes,  the  processing  techniques  detailed  are  also 
applicable  to  the  manufacture  of  double  hetero junction  light  emitting  diodes  as  well  as 
large  optical  cavity,  high  power,  high  duty  cycle  laser  diodes. 

The  approach  to  CW  injection  laser  fabrication  follows  a design  originally  proposed 
by  Hayashi  in  1970  and  extended  to  a monolithic  striped  geometry  configuration  by  Itoh 
in  1970.  A detailed  schematic  representation  of  this  device  structure  is  shown  in 
Figure  1. 

The  substrate  wafer,  region  1,  is  n-type.  Si  Doped  GaAs  having  a net  donor 
concentration  of  about  2xl0“18cm“3  and  a dislocation  density  of  about  lOOOcm"'.  The  use 
of  this  low  dislocation  substrate,  which  is  grown  at  Laser  Diode  Laboratories  by  the 
gradient  freeze  technique,  has  been  shown  to  be  crucial  for  routinely  obtaining  devices 
which  exhibit  reduced  gradual  performance  degradation  due  to  dislocation  migration 
and/or  growth  from  the  substrate  to  the  active  region  of  the  device  during  the  epitaxial 
growth  or  actual  operation.  To  further  decrease  these  effects  an  attempt  is  made  to 
terminate  existing  dislocation  networks  or  substrate  surface  Imperfections  by  the  growth 
of  at  least  one  n-type  Te  Doped  GaAs  buffer  layer  which  is  shown  as  Region  2. 

Regions  3 and  5 are  n-type  and  p-type  GaAlAs  layers  which  contain  approximately 
35%  Aluminum.  These  two  layers  act  to  confine  the  light  generated  in  the  active  layer. 
Region  4,  to  that  layer.  Light  is  confined  to  that  region  by  the  waveguiding  effects 
of  the  interfaces  between  Regions  3 and  5 and  Region  4.  These  effects  arise  due  to 
slight  index  of  refraction  decrease  at  these  boundaries  with  the  lower  bandgap  active 
layer.  Region  4.  The  actual  peak  laser  emission  wavelength  is  determined  by  the  bandgap 
of  the  active  layer.  In  practice  an  6%  Aluminum  concentration  corresponds  to  an 
emission  wavelength  of  about  820  nanometers  at  room  temperature.  This  particular 
emission  wavelength  is  found  to  have  an  absorption  loss  of  about  5db  per  kilometer  in 
typical  low  loss  glass  fiber.  In  order  to  obtain  the  low  threshold  current  densities 
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required  for  CW  laser  operation  the  total  recombination  volume  must  be  minimized. 

For  typical  CW  lasers,  d,  the  thickness  of  Region  4 is  maintained  between  0.25  and 

0 . 3iim. 

Region  6 functions  as  a contact  gap  with  a small  amount  of  Aluminum  incorporated 
into  it  to  minimize  lateral  current  flow  by  increasing  its  resistivity.  Typically, 
this  p-type  layer  is  Ge  Doped. 

Stripe  geometry  fabrication  permits  room  temperature  CW  operation  by  limiting  the 
current  to  the  portion  of  the  laser  pellet  located  under  the  narrow  stripe  and  thereby 
activating  only  a small  portion  of  the  junction  width.  This  allows  the  heat  generated 
in  the  25um  lasing  region  beneath  the  contact  stripe  to  be  distributed  throughout  the 
bulk  of  the  laser  pellet.  This  fact  together  with  the  close  proximity  of  the  active 
region  to  the  heat  sink  results  in  laser  diodes  which  are  capable  of  sustained  CW 
operation  to  temperatures  in  excess  of  70°C. 

Stripe  geometry  was  first  accomplished  by  masking  Region  6 with  an  oxide  insulator 
and  chemically  etching  open  contact  stripes  perpendicular  to  the  cleaved  laser  cavity 
end  mirrors.  Ohmic  contacts  were  then  evaporated  over  the  entire  wafer,  forming  a 
selectively  contacted  stripe  which  allows  current  to  flow  through  the  cavity  only  in 
the  region  directly  beneath  the  contact  stripe.  Since  its  inception  the  concept  of 
striped  current  isolation  has  been  modified  to  include  such  sophisticated  formation 
techniques  such  as:  proton  bombardment,  diffused  and  mesa  stripe  geometries.  One 
approach  however  employs  a monolithic  isolation  technique  which  fully  exploits  the 
capability  of  liquid  phase  epitaxy  to  generate  material  to  which  stripe  geometry 
contacts  can  be  applied  without  the  need  for  complex  or  sophisticated  wafer  processing 
techniques.  In  this  approach  the  oxide  insulator  is  replaced  by  a lattice  matching 
GaAs  blocking  layer.  The  layer  consists  of  lightly  doped  n-type  GaAs  or  semi-insulating 
Cr  Doped  GaAs.  Following  photolithographic  definition  of  the  contact  stripe  array, 

20Mm  wide  contact  channels  are  etched  through  the  blocking  layer.  Under  conditions 
of  laser  die  forward  bias,  current  is  restricted  to  flow  through  the  active  region  only 
beneath  the  etched  channel.  Elsewhere  because  the  p/n  junction  formed  at  the  interface 
between  Regions  6 and  7 is  backbiased,  the  laser  cavity  remains  unpumped.  Using  this 
technique,  high  power  CW  laser  diodes  which  emit  up  to  75mw  have  been  produced.  The 
forward  current  versus  power  output  characteristics  for  one  of  the  highest  power  15um 
wide  striped  lasers  manufactured  at  Laser  Diode  Laboratories  is  shown  in  Figure  2.  The 
device  which  contained  no  reflective  optical  mirror  coating  exhibited  a single  ended 
output  of  over  70mw  at  400ma  forward  drive.  The  single  ended  external  differential 
quantum  efficiency  was  23*. 

The  monolithic  stripe  geometry  formation  technique  used  in  the  fabrication  of  this 
device  offers  several  advantages  over  the  oxide  isolation  o’-  other  alternative  stripe 
formation  approaches. 

1.  The  high  device  thermal  impedance  due  to  the  pre  ce  of  the  poor  thermally 
conducting  oxide  insulator  is  eliminated  thereby  improving  device  thermal 
conduction  and  high  temperature  performance. 

2.  The  surface  stress  induced  by  the  presence  of  the  oxide  film  which  has 
different  thermal  expansion  characteristics  from  the  GeiAs  pellet  is  eliminated. 

3.  The  danger  of  lattice  damage  and  dislocation  formation  present  in  diffused 
stripe  geometry  lasers  is  eliminated. 

4.  The  simplicity  of  the  blocking  layer  isolation  technique  lends  itself  to  high 
volume,  high  yield  production. 

In  view  of  the  previously  demonstrated  association  between  laser  and  ligh  emitting 
diode  reliability,  four  criteria  have  been  considered  to  be  of  primary  importance  in 
establishing  epitaxial  wafer  and  die  assemoly  processes, to  achieve  an  as-grown  wafer 
surface  that  is  flat  and  free  of  both  melt  residue  and  pinholes  in  order  to  permit 
uniform  wafer  thinning,  stripe  formation  and  contacting,  to  maximize  the  yield  per  wafer 
of  devices  having  identical  structural,  electrical  and  optical  properties  over  the 
desired  operating  temperature  range,  and  finally,  to  establish  processes  compatible  with 
a production  operation  to  insure  that  continuous  process  adjustments  are  not  required 
to  achieve  process  repeatibility . 

Figure  3 shows  an  etched  cross-section  of  a typical  double  hetero junction  structure 
used  in  the  manufacture  of  monolithic  stripe  geometry  injection  laser  diodes.  Similar 
structures  are  used  in  the  fabrication  of  high  speed  striped  light  emitting  diodes  or 
in  broad  area  LED's.  For  the  latter  devices  the  final  n-GaAs  layer  is  eliminated. 

The  fabrication  of  CW  lasers  follows  the  process  sequences  shown  in  Figure  4. 

After  expitaxial  growth  the  wafer  is  cleaved  along  its  perimeter  on  all  four  sides  to 
create  mutually  perpendicular  <110>  reference  edges  for  channel  alignment. 
Photolithographic  definition  of  the  stripe  contact  channels  is  accomplished  by  aligning 
the  photo-mask  reference  with  the  <110>  direction  as  indicated  in  b.  Photolithographic 
definition  is  followed  by  an  etch  which  removes  the  n-GeiAs  blocking  layer,  forming  an 
array  of  ISym  wide  contact  channels  to  the  p-G2LAlAs  contact  cap.  Channel  separation  is 
on  325um  centers.  After  removing  the  masking  resist  the  wafer  is  thinned  to  a 75um 
thickness  and  ohmic  contacts  applied  to  both  sides  of  the  wafer.  The  wafer  is  then 
cleaved  and  optical  coatings  applied  to  the  mirror  facets.  Finally,  the  Individual 
laser  die  is  formed  by  wire  sawing  the  coated  slivers.  Figure  5 shows  an  etched  cross- 
section  of  a typical  ISwm  stripe.  This  illustrates  the  excellent  stripe  definition 
and  uniformity  achieved  using  this  monolithic  approach.  After  formation  of  the  laser  or 
LED  die,  the  die  is  screened  for  performance  characteristics  prior  to  package  mounting. 
The  pretesting  of  the  die  prior  to  mounting  assures  th^t  no  defective  or  substandard 
die  reaches  final  testing.  The  cost  reduction  achieved  by  pretesting  is  significant 
in  assembly,  packaging,  burn-in  and  final  test.  Each  completed  device  assembly  is  burnt 
in  to  eliminate  unstable  devices  from  final  acceptance. 

Typical  performance  characteristics  of  ISum  stripe  contact  in  commercial  CW  room 
temperature  lasers  are  sho«m  in  Figure  6.  These  devices  which  emit  5 and  lOmw  minimum 
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average  power  can  be  fabricated  with  emission  wavelengths  ranging  from  790  to  890nm  at 
2T‘C.  The  characteristics  of  the  two  devices  shown  here  are  typical  of  devices  which 
emit  at  about  820nm  at  27®C.  Shorter  wavelength  devices  will  exhibit  a slightly  higher 
threshold  current,  while  longer  wavelength  devices  will  have  somewhat  lower  threshold 
currents.  The  single  ended  differential  quantum  efficiency  of  the  LCW-5  which  emits 
between  5 and  lOmw  continuous  power  generally  lies  between  6 and  12%  while  the  efficiency 
of  the  LCW-10  which  typically  emits  between  10  and  20inw  at  room  temperature  lies  between 
11  and  20%.  The  variation  in  threshold  current  with  increasing  temperature  for  a typical 
f LCW-5  laser  diode  is  shown  in  Figure  7.  Operation  at  temperatures  up  to  results  in 

typically  lasing  threshold  current  increases  of  up  to  50%.  This  level  of  increase  in 
threshold  current  appears  to  be  independent  of  the  device's  emission  wavelenth  and 
efficiency.  Therefore  we  observe  a similar  result  for  the  LCW-10  lasers.  Similar 
relative  changes  in  threshold  current  versus  temperature  are  also  observed  in  the  high 
power  pulsed  room  temperature  lasers  such  as  Single  Heterojunction,  LOC  or  TH  lasers. 

If  we  then  operate  a device  at  a constant  drive  current  above  threshold  we  obtain  a 
power  characteristic  similar  to  that  shown  in  Figure  8.  Using  a current  DC  over  drive 
of  50raa  above  threshold  we  obtain  nearly  constant  power  output  up  to  at  least  es^C.  This 
indicates  that  the  device  quantum  efficiency  is  not  strongly  affected  by  temperature  over 
this  range.  The  slight  rolling  off  of  output  observed  near  65'‘C  is  probably  associated 
with  local  device  heating  due  to  the  higher  drive  current  rather  than  fundamental  change 
in  lasing  characteristics.  This  type  of  result  again  appears  to  be  similar  to  that 
observed  in  highly  efficient  pulsed  multiheterojunction  devices  and  seems  to  be 
independent  of  wavelength  from  790nm  to  890nm.  The  complete  performance  characteristic 
of  a typical  LCW-5  laser  at  27'’C  and  70'’C  is  shown  in  Figure  9.  Here  again  we  see  results 
similar  to  those  just  described;  namely,  a threshold  current  increase  of  about  50%  and 
little  or  no  change  in  quantum  efficiency  or  slope  of  the  output  characteristic  above 
threshold.  Typical  devices  show  a full  angle  to  50%  intensity  distribution  of  about 
40-45  degrees.  In  practice  this  distribution  is  effected  by  the  A1  content  of  the  optical 
cavity  bounding  layers,  the  width  of  the  optical  cavity  and  to  a lesser  degree  by  the 
emission  wavelength.  In  the  plane  parallel  to  the  junction  plane,  devices  typically 
show  a full  angle  to  1/2  power  emission  distribution  of  about  4 to  7 degrees.  This 
characteristic  is  generally  far  superior  to  the  14  to  16  degree  distribution  observed  for 
typical  broad  area  high  power  pulsed  devices. 

One  area  that  has  been  of  great  concern  to  potential  users  of  CW  injection  laser 
diodes  has  been  device  lifetime.  Early  in  the  technology  of  CW  lasers,  it  was  found  that 
most  devices  exhibited  extremely  erratic  operating  lifetimes,  typically  in  the  order  of 
a few  hours.  Over  the  past  five  years,  considerable  research  effort  has  been  expended 
in  understanding  the  sources  of  service  instability  and  improving  device  processing 
techniques  to  surpress  or  eliminate  the  numerous  sources  of  device  degradation.  This 
work  has  resulted  in  several  laboratories  reporting  CW  devices  with  operational  lifetimes 
in  excess  of  15,000  hours  and  in  projected  operational  lifetimes  of  about  100,000  hours. 
While  these  lifetimes  have  not  yet  been  demonstrated  to  be  characteristic  of  all 
commercial  production  devices,  a key  question  that  arises  is  what  can  be  expected  of 
present  commercial  manufacturing  technology.  Figure  10  shows  a typical  life  characteristic 
obtained  from  a standard  commercial  CW  laser.  Prior  to  entry  into  life  test  or 
acceptability  into  commercial  sale,  all  CW  lasers  are  burnt-in  to  eliminate  unstable 
devices  from  the  test  or  acceptable  population.  This  initial  burn-in  generally  screens 
from  the  product  run  unstable  devices  which  would  degrade  after  the  first  few  hundred 
hours  operation.  However  the  screening  system  still  remains  to  be  further  perfected  to 
permit  both  more  accurate  screening,  a pre-conditioning  and  accelerated  life  testing  to 
permit  routine  and  accurate  extrapolation  of  commercial  device  performance  characteristics 
and  assurance  to  lifetimes  in  excess  of  10,000  hours. 

Another  area  that  the  stripe  laser  technology  can  be  extended  to,  is  in  the 
development  of  more  reliable  high  performance,  high  power  pulsed  lasers  for  operation  at 
and  above  room  temperature.  Figure  11  shows  the  performance  characteristic  of  a 3 mil 
wide  stripe  geometry  TH  laser  diode  designed  for  high  pulsed  power  operation  at  room 
temperature.  In  practice  this  size  device  has  been  one  of  the  most  difficult  to  manufacture 
reproducibly  using  standard  wire  cutting  techniques  due  to  die  size  variations  associated 
with  t he  cutting  process  as  well  as  the  penetration  of  cutting  damage  at  the  laser  sides 
to  a depth  which  is  significant  when  compared  to  the  lasers  width.  The  use  of  striped 
laser  technology  in  the  manufacture  of  these  devices  largely  eliminates  these  two  problems 
with  the  result  that  both  laser  reproducibility  and  reliability  can  be  significantly 
Improved.  Devices  of  this  type  have  been  reliably  operated  at  output  emission  densities 
of  over  1 watt/mll  of  facet  while  broad  area  wide  saw  devices  made  of  similar  epitaxial 
materials  have  failed  at  power  densities  of  less  than  3/4  watt  per  mil  of  facet.  In 
addition,  these  devices  have  exhibited  reliable  operation  at  duty  cycles  of  1 to  10% 
making  them  potentially  extremely  useful  in  fiber  optic  data  link  applications  which 
require  high  peak  power. 

The  performance  characteristics  of  a typical  high  power,  high  duty  cycle  injection 
laser  is  shown  in  Figures  12  and  13.  This  particular  device  which  is  Intended  for  a 
redundent  fiber  optics  communication  application  consists  of  a monolithic  array  of  three 
25um  striped  lasers  on  125pm  centers  which  are  operated  in  parallel.  These  devices  have 
been  operated  at  duty  cycles  exceeding  10%  with  little  change  in  performance  over 
several  thousand  hours. 

As  discussed  earlier,  the  room  temperature  CW  or  high  duty  cycle  injection  lasers 
utilize  variations  of  the  narrow  optical  cavity  double  heterojunction  (DH)  structure 
to  achieve  the  low  threshold  current  densities  required  to  support  these  levels  of 
operation. 

Because  of  the  small  recombination  region  thickness,  the  beam  divergence 
perpendicular  to  the  plane  of  the  junction  in  this  device  la  excessive.  Beam  divergence 
can  exceed  50*  FWHM  for  CW  laser  structures  with  narrow  cavities.  The  divergence  results 
from  diffraction  of  the  emitted  beam  as  it  passes  through  the  output  aperature  of  the 
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Fabry-Perot  cavity.  Excessive  beam  divergence  occurs  since  the  wavelength  of  light  in 
the  Gai-xAlxAs  active  region  is  roughly  the  same  size  as  that  of  the  diffraction  slit 
(exit  aperature  d) . The  divergence  parallel  to  the  P/N  junction  is  not  determined  by 
diffraction  effects  because  s>>  X/n . Beam  divergence  in  the  transverse  parallel  direction 
is  more  strongly  related  to  the  mode  structure  of  the  laser  diode.  The  intensity 
distribution  of  the  emitted  beam  parallel  to  the  plane  of  the  P/N  is  typically  less  than 
10°  PWHM.  Figure  14  shows  schematically  the  main  features  of  the  beam  pattern  for  a 
typical  CW  injection  laser  diode. 

Unfortunately,  the  angular  intensity  distribution  of  the  room  temperature  CW 
injection  laser  diode  p^^ses  a major  problem  for  fiber  optic  applications.  Because  of 
low  loss  graded  index  fiber  types  have  small  numerical  aperatures,  (n.a.  2.25  ),  the 
acceptance  angle  of  the  fiber  is  much  less  than  the  half  intensity  angle  of  the  laser's 
beam  distribution.  This  results  in  extremely  low  coupling  efficiencies  for  the  laser- 
fiber  interface  when  butt  coupling  is  employed.  The  laser  diode  fiber  interface  is 
illustrated  schematically  in  Figure  15  for  three  coupling  configurations: 

a)  Butt  coupling 

b)  Butt  coupling  with  index  matching 

c)  Lensed  fiber  coupling 

To  date  both  butt  coupling  with  an  air  gap  and  with  index  matching  agents  have  been 
utilized  in  prototype  laser  products.  However,  coupling  with  these  two  techniques 
is  generally  inefficient  due  to  the  low  n.a.  generally  observed  in  low  loss  fibers. 

Depending  on  the  fibers  selected,  coupling  efficiencies  in  the  range  of  10  to  25  percent 
are  generally  observed. 

An  alternative  technique  for  increasing  the  collection  efficiency  of  the  fiber 
involves  the  use  of  a hemispherical  lens  affixed  to  the  input  end  of  the  optical  fiber 
pigtail.  The  lens,  when  properly  designed  and  fabricated,  collinates  the  divergent  laser 
beams  so  as  to  increase  the  amount  of  light  which  enters  the  fiber  at  an  angle  less  than 

the  acceptance  angle  of  the  fiber.  The  function  of  the  lens  is  illustrated  schematically 

in  Figure  15  c.  The  concept  of  using  lensed  fibers  to  Increase  the  coupling  of  laser 
output  into  the  fiber  was  first  proposed  by  Kato  et  al  in  1973.  He  suggested  forming 
the  lens  by  careful  melting  of  the  cleaved  fiber  and  to  form  a hemispherical  lens  whose 
radius  of  curvature  is  determined  primarily  by  the  fiber  radius  and  the  surface  tension 
of  the  molten  glass.  More  recently,  C.  C.  Timmerman  has  pointed  the  way  toward  further 
improvements  in  collection  efficiency  by  improving  on  Kato's  original  concept.  Figure  16 
shows  segmented  views  of  two  lensed  fibers: 

a)  thin  core  step  index 

b)  thin  cladding  step  index 

The  lens  is  formed  on  each  fiber  by  melting  the  cleaved  end  with  a micro-torch  ( after 
Kato  et  al) . In  a)  the  lens  formed  a small  radius  of  curvature  compared  to  the  radius 
of  the  fiber  core.  In  Figure  16  b,  the  cladding  wraps  around  the  core  during  formation 
of  the  lens.  In  both  cases,  the  lenses  are  inefficient  in  collimating  the  divergent 
output  of  the  laser  diode.  Timmerman  has  demonstrated  experimentally,  that  the  properly 
designed  lens  must  have  a radius  of  curvature  approximately  equal  to  the  radius  of  the 
fiber  core.  This  applies  not  only  to  step  index  but  also  to  low  loss  graded  index  fiber 
of  the  type  commonly  used  for  fiber  optic  communications. 

His  solution  to  the  problems  of  lens  formations  shown  in  Figure  16  c,  requires  the 
removal  of  all  or  part  of  the  fiber  cladding  by  chemical  etching  prior  to  forming 
the  lens.  This  technique  guarantees  that  the  lens  will  have  approximately  the  same  radius 
as  the  fiber  core.  In  addition,  a technique  other  than  melting  the  fiber  end  was 
demonstrated.  Using  lenses  formed  by  dipping  the  core  in  optical  epoxy  or  low  melting 
point  high  index  glass, C. Timmerman  achieved  efficiencies  up  to  80%  with  standard  commercial 
CW  Injection  coupled  to  low  loss  fibers  with  an  n.a.  of  .16. 

Worlc  is  now  underway  to  extend  this  wor)c  to  standard  commercial  products.  Figure  17 
shows  an  outline  of  a fiber  coupled  Injection  laser  Intended  for  introduction  into 
commercial  sale  later  this  year.  Tiie  diamond  based  TO-5  or  TO-39  pacl^age  was  chosen  for 
the  base  outline  becauseo^  its  improved  heat  sinking  over  the  conventional  TO-5  stud 
packages.  In  addition,  stripline  leads  are  provided  as  well  as  a floating  case  to  make 
the  device  more  compatible  with  the  requirements  of  high  frequency  drive  circuitry.  The 
internal  structure  of  the  device  is  shown  in  Figure  18.  This  figure  presents  the  laser- 
fiber  Interface  as  it  appears  in  the  completed  device.  The  lensed  fiber  coupling  scheme 
shown  requires  a separate  mounting  ledge  to  provide  mechanical  stability  to  the  fiber. 
Alignment  of  the  fiber  to  the  laser  is  accomplished  using  a micromanipulator  and 
photodetector  and  peaking  the  fiber  output  by  adjusting  the  position  of  the  fiber  with 
the  manipulator.  After  peaking  the  lensed  end  of  the  fiber  is  tacked  to  the  supporting 
ledge  and  the  ferrule  support  sleeve  expoxled  in  place.  Using  commercially  available 
0.2  n.a.  graded  index  fiber  with  50ym  core  diameter  and  less  than  5db  per  kilometer  loss 
laser  outputs  in  excess  of  Smw  can  be  achieved  at  drive  currents  less  than  30ma. 

Work  directed  toward  the  qualification  of  injection  laser  diodes  for  military 
applications  has  to  date  utilized  device  configurations  which  do  not  include  optical 
fibers  within  the  device  package.  This  work  has  Included  successful  qualification  of 
injection  laser  assemblies  to  high  temperature  storage  150°C,  temperature  shock 
(-55°C  to  150°C),  acceleration  (20,000g),  mechanical  shock  (i,S00g)  and  vibration.  No 
particular  problems  have  been  encountered  to  date  in  routinely  qualifying  monthly 
manufacturing  lots  to  these  requirements.  During  the  near  future  work  will  be  initiated 
toward  the  qualification  of  a fiber  optic  coupled  device  similar  to  that  just  described 
to  similar  environmental  and  mechanical  requirements. 

In  suRonary,  both  striped  geometry  and  broad  area  double  hetero junction  CW  lasers 
and  light  emitting  diodes  have  been  developed  for  application  in  fiber  optic  data  and 
communication  links.  The  processing  required  for  the  manufacture  of  these  devices  has 
been  desKinstrated  to  be  compatible  with  a manufacturing  environment.  Using  these  process 
devices  with  operational  lifetimes  in  excess  of  3000  hours  can  be  routinely  manufactured. 
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Fig. 3 Photograph  of  typical  double  heterojunction  structure  required  for  the  manufacture 
of  monolithic  stripe  geometry  injection  laser  diodes 


a)  Preprocess  clean.  Wafer 
edges  cleaved  along  <110> 
to  permit  mask  registration. 


b)  Photolithographic  definition 
of  stripe  geometry  contact 
channels . 


c)  Etch  through  blocking 
layer  to  form  stripe 
contact  channels. 


d)  Remove  resist,  thin  wafer 

to  .0035".  Evaporate  ohmic 
Sn  contact  on  n-side.  Ni-Au 
plate  wafer. 


e)  Cleave  wafer  into  .010"X.300" 
slivers.  HR  and  AR  coat. 
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Fig.4  Process  flow  diagram  for  the  fabrication  of  monolithic  stripe  geometry 
injection  laser  arrays 
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Fig.6  Output  characteristics  of  typical  commercial  CW  laser  diodes 
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QUESTIONS  AND  COMMENTS 
ON  SESSION  V 


GalnAsP/InP  DOUBLE-HETEROSTRUCTURE  LASERS  FOR  FIBER  OPTIC  COMMUNICATION 

J.  J.  Hsieh 

Dr.  Dworkin:  Relative  to  temperature,  (a)  What  variation  in  threshold  has  been  observed 

with  temperature?  (b)  Can  you  speculate  on  lifetime  of  laser  above  room  temperature? 

Dr.  Hsieh:  We  have  operated  CW  at  about  40  C.  If  you  pulse,  the  threshold  current 

density  almost  doubles  up  to  about  65  C.  We  haven't  done  any  other  temperature  test. 


RELIABLE  SEMICONDUCTOR  LASERS  FOR  WIDE-BAND  OPTICAL  COMMUNICATION  SYSTEMS 

A.  R.  Goodwin,  P.  A.  Kirkby 

Dr.  Visser:  Using  pulse  modulation,  measurements  were  made  from  just  below  threshold 
level  to  above.  From  power  consumption  and  circuit  simplicity  view,  total  (100%) 
current  modulation  would  be  preferable.  (1)  Are  there  any  specific  reasons  for 
not  doing  so?  (2)  Using  100%  current  modulation,  do  you  thinii  that  temperature 
cycling  introduced  by  this  kind  of  modulation  may  shorten  laser  diode  life  and 
reliability? 

Dr.  Goodwin:  No  recorded  answer. 

Dr.  Elmer  H.  Hara:  What  was  the  peak  modulation  depth  in  terms  of  optical  power  for 
the  analogue  intensity  modulation  experiments? 

. Dr . Goodwin : No  recorded  answer . 
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Summary  of  Session  V 
SOURCES  AND  DETECTORS 


by 

W.  S.  Nicol 
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1 . Summary 

In  summarising  Session  5 we  highlight  the  following: 

1)  Interest  in  complete  modules. 

2)  1 GHz  response  achieved  for  LEDs  now  stimulating  interest  in  LED  bandwidth 
reduction. 

3)  10000  to  above  25000  hours  CW  lifetime  for  gallium  aluminium  arsenide  lasers. 

4)  The  shift  in  semiconductor  laser  wavelength  to  the  1.2  micron  region  with 
potential  low  cost  and  reliability. 

5)  The  detector  situation.  Is  there  a reliability  problem? 

2.  Paper  34  - Laser  Transmitter  for  Long  Distance  Communications 

The  important  point  in  this  paper  was  that  we  are  progressing  to  the  complete 
module  stage  where  we  no  longer  consider  the  laser  in  isolation  but  also  consider 
electrical  drive,  thermal  aspects  and  optical  output  coupling  as  integral  parts.  An 
important  point  was  made  of  how  new  components  and  coupling  techniques  were  being 
incorporated. 

3.  Paper  43 

The  paper  by  Dr.  Gill  of  Laser  Diode  Labs  continued  the  theme  of  the  complete 
device  package  covering  various  ways  of  fibre  shaping  to  increase  collection 
efficiency. 

The  current  status  of  the  GaAlAs  CW  room  temperature  laser  produced  by  liquid  phase 
epitaxy  was  presented;  with  routinely  available  devices  of  3000  hr  lifetimes  and 
lifetimes  over  10000  hrs  achieved  together  with  a great  deal  of  investigation  of 
degradation  this  structure  is  becoming  well  characterised. 

I felt  that  consistency  of  results  amongst  various  groups  in  this  work  is  now  seen. 

4 . Paper  35 

The  paper  by  Dr.  Hsieh  certainly  lived  up  to  its  reputation  as  being  very  significant 
and  created  widespread  interest.  Points  which  were  brought  out  were  that  we  have: 

1)  A more  stable  structure,  being  less  demanding  on  low  dislocation  density  than 
the  gallium  aluminium  arsenide  systems. 

2)  A simpler  and  potentially  lower  cost  structure  because  of  only  one  critical 
layer . 

In  addition  Dr.  Hsieh  seemed  confident  that  we  now  have  the  optimum  composition  for 
this  type  of  structure. 

As  regards  the  impressive  CW  lifetime  performance  we  can  perhaps  now  give  fibre 
optics  conference  dates  as  5000  hrs  to  AGARD  London,  another  720  hrs  and  we  will  be 
in  Munich,  6500  hrs  to  Tokyo  and  so  on)  We  all  wish  him  well  in  this  work.  (Dr. 
Hsieh  wasn't  at  this  session  so  I couldn't  ask  him  what  voltage  drop  there  is 
across  the  laser) . 

5 . Paper  36 

This  paper  on  reproducibility  of  diode  lasers  clearly  brought  out  the  importance  of 
stress,  especially  point  stress,  when  it  was  shown  that  the  operation  influencing 
laser  life  most  is  the  laser  mounting. 

6 . Paper  37 

This  presentation  by  Dr.  Zaeschmar  of  NELC  on  the  physics  of  degradation  in  LEDs 
was  certainly  entertaining.  He  was  confident  that  we  can  directly  relate  optical 
properties  to  mechanical  stress.  I won't  atten^t  to  reopen  the  lively  discussion 
which  took  place  on  point  defects,  (since  we  must  all  know  that  m n ~ 31). 

One  question  does  however,  remain  in  finding  the  number  of  batches  which  he  used. 

7.  Paper  38 

The  paper  on  reliable  GaAlAs  lasers  by  Dr.  Goodwin  of  STL  reinforced  the  results 
that  lifetimes  in  excess  of  10,000  hrs  can  certainly  be  achieved  and  indeed  can  be 
considered  beyond  25000  hrs  with  reasonable  expectancy. 

8.  Paper  39 

In  some  ways  this  paper  was  comparable  with  the  Plessey  high  speed  LED  results  in 
that  there  is  agreement  in  response  to  beyond  500  MHz  with  a cut-off  around  1 GHz. 
Current  state  is  that  we  are  now  limited  by  fibre  dispersion  and  LEO  llnewidth 
so  that  future  LEO  research  should  be  concerned  with  reducing  llnewidth. 
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9 . Paper  40 

This  paper  gave  a state  of  the  art  summary  of  avalanche  photodiodes  which  have  no 
difficulty  with  1 GHz  response.  An  interesting  question  was  raised  by  Dr.  Chown 
concerning  reliability.  It  does  seem  that  it  is  difficult  to  obtain  APD  reliability 
data  from  manufacturers.  Although  basically  only  silicon  technology  is  involved 
and  so  APD  reliability  might  not  be  considered  different  from  other  silicon  devices, 
there  is  still  the  question  of  operation  under  high  reverse  bias. 

10.  Paper  41 

Dr.  Hersees  paper  from  Plessey  Caswell  highlighted  1 GHz  LED  response  and  20,000  hr 
lifetimes.  Obviously  we  shall  follow  stage  4 degradation  which  begins  at  2000  hrs. 
However  we  shall  forget  the  Au  diffusion  process  he  suggested  if  it  does  indeed  turn 
out  to  be  10®  hours. 

11 . Paper  42 

Finally  the  Thomson  CSF  paper  on  a laser  transmitter  module  again  showed  the 
complete  sub-system  approach  which  has  to  be  taken. 

An  interesting  comment  was  made  by  the  speaker  in  pointing  out  that  module 
characteristics  were  really  determined  by  the  user. 

12.  Additional  Comments  by  C.  P.  Sandbank 

1)  This  session  was  one  of  the  first  at  the  conference  to  bring  into  perspective 
first  of  all  the  important  potential  of  a GalnAsP/InP  system,  not  only  as  a 
longer  wave  length  source,  but  offering  a number  of  other  advantages  (identified 
by  Mr.  Nicol  in  his  comments  on  paper  35). 

2)  The  identification  of  some  degradation  properties  in  LEDs  including  some 
mechanisms  which  appear  to  show  up  fairly  late  in  life,  e.g.  after  7,000  hours. 
This  is  particularly  Interesting,  since  one  tends  to  look  for  degradation 
processes  which  can  be  "weeded  out"  in  early  life,  but  it  is  unusual  to  find  a 
situation  where  the  performance  is  stable  for  a substantial  period  and  then  an 
identifiable  degradation  process  appears.  Several  papers  made  some  comment 
about  this. 

I support  Mr.  Nicol 's  concern  about  the  statistical  significance  of  Zaeschmar's 
results  but  Hersee's  paper  41  presented  some  very  clear  and  significant  data  on 
this  "stage  4"  degradation  which  is  not  noticeable  until  at  least  2,000  houbs, 
and  I personally  had  not  come  across  this  type  of  data  at  previous  conferences. 
It  was  also  new  to  several  of  m^  reasonably  experienced  colleagues. 
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The  difficulty  of  realizing  effective  couplers  for  single-mode  fibres,  imposes  a significant  obstacle  to 
their  application.  The  paper  is  concerned  with  the  use  of  a holographic  element,  which  substantially 
reduces  the  sensitivity  to  tolerance  errors  in  the  manufacture  of  such  a coupler.  The  approach  is 
based  on  the  use  of  a hologram  output  window  for  the  cable  end,  the  coupling  between  the  two  windows 
proceeding  by  means  of  pseudo-plane  waves.  The  effect  is  to  transfer  the  need  for  precision  to  the 
factory,  the  coupler  to  be  assembled  in  the  field  being  relatively  undemanding.  The  system  is  applicable 
to  bundles  of  fibres;  preliminary  experimental  results  for  the  coupling  between  one  pair  of  fibres  to 
another  pair  are  described. 

1.  INTRODUCTION 

The  main  thrust  of  the  development  in  optical  telecomnunications  is  concerned  with  the  use  of 
multimode  fibres.  The  bandwidth  ci;)ability  of  the  graded  index  fibre  which  has  now  become  apparent,  has 
reduced  the  previously  perceived  need  for  a single-mode  fibre.  Nevertheless  there  are  considerations 
which  would  favour  the  exploitation,  even  in  the  relatively  near  future,  of  the  single  mode  fibre. 

’’he  )se  for  this  development  has  recently  been  made  by  Maslowski,  1976;  most  of  the  needed  technology 
pxisis  and  suitable  small-source  lasers  are  being  developed.  The  use  of  single-mode  systems  would  also 
greatly  facilitate  the  incorporation  of  switches  and  modulators  which  can  now  be  realized,  with  impressive 
performance  in  integrated  optical  form  (Ash,  1976).  One  obstacle  in  the  path  of  this  development,  which 
we  believe  to  be  significant,  is  the  absence  of  fibre  to  fibre  couplers  which  do  not  require  adjustment, 
and  which  one  could  contemplate  using  in  the  field.  The  problems  of  mechanical  tolerances  which  are 
encountered  in  the  direct  realization  of  such  a coupler  are  formidable  even  for  a single  connector,  and 
appear  quite  unattainable  for  a multiple  connector  which  is  required  for  bundles  of  fibres.  It  is  the 
primary  aim  of  the  present  paper  to  describe  an  approach  based  on  holography  which,  whilst  it  does  not 
eliminate  the  requirement  for  high  precision,  transfers  this  requirement  to  a factory  environment.  The 
demands  made  on  ^e  actual  connector,  to  be  asserhbled  in  the  field,  are  very  greatly  reduced. 

The  basic  principle  of  the  method  has  been  previously  desribed  ( Ash,  1974;  Soares,  1976; 

Nishihara,  1975).  Figure  1.  A hologram  is  associated  with  each  fibre  or  waveguide.  A hologram  of  the 
output  of  the  fibre  is  recorded  using  a plane  reference  beam,  the  two  reference  beams  making  complementary 
angles  with  the  plane  of  the  hologram.  The  output  from  the  hologram  when  excited  by  the  waveguio  s then 
in  the  form  of  a pseudo-plane  wave,  which  in  turn  generates  the  required  coupling  wave  for  the  se  .^nd 
fibre.  The  holograms  are  separately  prepared,  rigidly  and  permanently  attached  to  their  respective  fibres 
in  the  factory.  The  key  consideration  is  the  fact  that  the  coupling  between  the  two  holograms  proceeds 
by  means  of  a plane  wave.  It  is  therefore  intuitively  obvious  that  the  system  will  be  extremely 
insensitive  to  lateral  displacements  of  the  holograms.  The  tolerance  requirements  are  essentially 
confined  to  the  maintenance  of  pa ra 1 lei ity, which  is  achieved  by  the  use  of  a simple  spacer.  The  form 
sucn  a coupler  could  take  is  indicated  in  Figure  2. 

The  basic  operation  of  the  coupler  emerges  directly  from  the  elementary  theory  o^  holography. 

Let  Up,  and  Up-  be  the  in.tensity  of  the  waves  radiated  by  fibres  one  and  two  respectively  and  let 
U-,  ani  U--  be^the  corresponding  reference  waves  used  to  encode  the  fibre  waves.  When  fibre  one  is 
sOltched  on,  the  coupling  wave  U^  generated  by  hologram  one  is  given  by 

(1) 

If  U.1  had  a plane  wave  front,  U-  will  again  have  a plane  wave  front.  It  will  however  be  amplitude 
moduTated  byjUp./  . Provided  however  that  one  arranges  for  Up.  to  give  a reasonably  constant 
illumination  ovir  the  hologram,  this  effect  will  not  be  largeV  Under  these  conditions. 


(2) 
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which  is  of  course  the  input  required  to  generate  U-p  and  which  completes  the  coupling  into  the  second 
fibre.  Other  than  the  need  for  U,-.  » provide  sensibly  uniform  illumination  over  the  hologram,  there 
is  no  other  constraint  on  its  form. ’“^It  Is  not  therefore  necessary  to  prepare  the  fibre  ends  in  any 
particular  way.  Indeed  there  may  be  advantages  in  making  them  deliberately  rough  - a technique  which 
has  previously  been  demonstrated  in  the  context  of  planar  waveguides  (Ash,  1974).  Nor  is  there  any 
important  constraint  on  the  position  of  each  fibre  relative  to  its  hologram.  The  only  requirement  is 
that  this  position,  once  established,  shall  be  maintained  after  the  hologram  has  been  recorded. 


These  simple  considerations  apply  in  the  first  instance  to  a thin  hologram.  However,  the  same 
results  apply  approximately  also  to  thick  holograms  (Kogelnik,  1969),  in  which  the  recording  medium  may 
extend  for  many  tens  of  wavelengths,  provided  that  th«  thickness  is  still  very  small  compared  with  the 
lateral  dimensions  of  the  hologram.  This  is  important,  as  the  attainment  of  high  efficiencies  - essential 
for  our  purpose  - depends  on  the  use  of  such  thick  holograms.  The  use  of  thick  holograms  rises  also 
another  consideration:  We  have  shown  the  basic  concept  in  Figure  1,  for  the  case  of  a simple  fibre-to- 
fibre  coupler.  If  however  we  wish  to  couple  a bundle  of  fibres,  we  will  need  to  record  multiple  holo- 
grams, using  a set  of  different  reference  waves  Upj,  each  making  a different  angle  with  respect  to  the 
hologram  plate.  The  question  then  arises,  how  mucn'^angular  spacing  do  we  require  between  the  Uj,.. 

The  answer  is  provided  in  the  paper  by  Kogelnik  already  cited.  The  minimum  angular  space  is,  ^ 
approximately,  inversely  proportional  to  the  thickness.  Increasing  the  thickness  also  has  a further 
desirable  consequence,  in  that  the  total  volume  of  sensitive  material  is  increased,  and  this  increases 
the  total  number  of  holograms  which  can  be  stored.  There  is  however  a limit  to  the  thickness  which  one 
can  use;  beyond  a certain  point  the  simple  imaging  properties  indicated  in  equations  1 and  2,  no  longer 
hold  (Solymar,  1976  a)  and  b).  However  it  would  appear  that  this  regime  applies  to  a thickness  far 
greater  than  one  would,  for  other  reasons,  wish  to  use. 


The  efficiency  of  phase  holograms  can  be  very  high  (Biedermann,  1975)  with  reported  figures 
approaching  90*.  Unfortunately  these  results  have  only  been  achieved  in  the  visible,  and  not  as  yet  in 
the  near  infra-red.  There  is  less  information  on  the  maximum  efficiency  which  is  attainable  for  multiple 
holographic  recording.  We  will  return  to  this  issue  in  the  discussion,  where  we  attempt  to  estimate  the 
size  of  the  bundle  which  one  could  hope  to  couple  with  acceptable  efficiency. 

In  assessing  the  holographic  coupler,  we  are,  in  the  first  instance,  concerned  with  its  performance, 
in  the  absence  of  tolerance  errors.  In  particular  we  must  determine  the  errors  in  the  final  coupling 
field,  and  the  consequential  reduction  in  efficiency  arising  from  diffraction  effects,  and  from  the 
amplitude  modulation  error  embodied  by  the  factor|Up,|  in  equation  1.  We  will  briefly  portray  the 
relevant  theory,  and  some  results  in  section  2,  to  rind  that  this  basic  performance,  for  physically 
realizable  situations,  is  in  fact  highly  encouraging.  As  we  have  seen, the  main  motivation  of  this  work 
is  to  overcome  tolerance  errors.  It  is  therefore  pertinent  to  extend  the  theory  to  allow  an  assessment 
of  the  resulting  reduction  of  efficiency.  This  analysis  will  be  sutimarized  in  section  3.  Section  4 is 
devoted  to  an  account  of  a preliminary  experiment  in  coupling  a "bundle"  of  two  fibres,  to  a second  set 
of  two  fibres.  Finally  in  section  5 we  will  attempt  to  assess  the  applicability  of  the  holographic 
coupler  to  situations  which  are  likely  to  be  encountered  in  optical  fibre  telecommunications 


2.  THEORY  OF  COUPLER 

We  will  concern  ourselves  with  a scalar  theory,  in  which  the  field  at  a point  is  represented  by  a 
single  quantity  U.  This  is  of  course  an  approximation,  which  however  is  entirely  adequate  for  our  purpose, 
though  it  is  important  to  appreciate  the  implied  assumption,  that  all  the  waves  we  consider  have  the  same 
polarization.  As  we  will  see  later,  this  restriction  can  be  removed  by  regarding  two  orthogonal 
polarizations  as  separate  modes  - which  accordingly  have  to  be  separately  recorded  on  the  hologram. 


The  experimental  work  has  used  two-mode  fibres,  and  we  have  obtained  some  results  which  bear  on  the 
mode  cross-coupling.  In  the  following  we  will  however  confine  ourselves  to  describing  the  treatment  of  a 
single  mode  in  each  fibre;  the  more  general  case  is  not  in  any  essential  way  different.  A further 
restriction  is  to  treat  only  the  case  of  a slab  guide  - i.e.  a guide  in  which  the  mode  can  be  described 
in  terms  of  a single  spatial  variable.  Again  this  restriction  is  imposed  simply  to  reduce  the  complexity 
of  the  algebra;  the  extension  to  the  two  dimensional  case,  which  we  have  also  carried  out  does  not 
involve  any  essentially  new  problems. 

We  will  concern  ourselves  with  the  geometry  indicated  in  Figure  3.  The  two  holograms  are  assumed  to 
be  thin  and  in  contact,  located  at  z«0.  Distance  from  an  arbitrary  axis  is  measured  by  y.  . We  define  a 
reference  output  plane  for  the  object  fibre,  located  at  • and  similarly  for  the  image  fibre  at 
z»z.,  with  distances  at  right  angles  to  the  z axis  being  denoted  by  y and  y.  respectively.  We  will  begin 
by  dalculating  the  image  field  U.  in  response  to  point  sources  located  in  th4  object  and  image  planes  at 
*nd  respectively  (thus  defining  point  source  holograms): 

(3.) 


(3) 


where  S(y  - ■^  ) is  the  delta  function  at  e . With  this  definition  we  ensure  that  the  source  is 
normalized,  i.e. 

*to 

U(V  = X 


♦ 

/ 
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We  adopt  a paraxial  approximation  so  that  we  can  use  the  Fresnel  approximation  - I.e.  describe  the 
cylindrical  wave  radiated  by  the  point  source  in  terms  of  a wave  having  a parabolic  phase  front.  We 
assume  further  that  the  reference  beam  Is  plane,  and  for  the  moment  also  that  we  can  neglect  the  variation 
of  the  amplitude  of  the  wave  from  the  point  source  over  the  effective  area  of  the  hologram.  This 
enables  us  to  calculate  the  transmission  of  the  holograms  after  exposure,  assuming  t-E  linearity.  The 
reconstructed  wave  Is  then  obtained  by  calculating  the  transmission  of  the  object  wave  through  the  two 
holograms  and  again  using  a Fresnel  approximation  to  calculate  the  wave  distribution  U.  which  appears  In 
the  Image  plane. 

In  practice  the  lateral  extent  of  the  hologram  is  limited  to  a region  y=+  H/2.  As  In  any  optical 
system  we  have  a finite  aperture.  In  computing  the  transmissions  of  the  wave  through  the  holograms,  we 
must  Include  the  effect  of  this  finite  aperture  by  means  of  a pupil  function  P(yu).  so  defined  that  it 
has  unity  transmission  for-H/24yj^4  H/2,  and  zero  outside  this  range.  With  these  assumptions  we  find. 


where  A Is  constant. 


We  note  that  we  can  regard  the  integral  in  equation  5 as  the  Fourier  transform  of  the  pupil  function. 


where  the  transform  frequency  f^  Is  given  by 


If  now  Instead  of  point  sources  at  y-=’l  and  y,-=Y,-  we  have  distributed  functions  Un{y„)  and 
we  must  consider  the  summation  of  airelementary  sources  in  these  distributions.®  ° 

Hiwever  In  the  present  approximation,  the  coupling  between  the  two  holograms  Is  In  the  form  of  a plane 
wave;  this  will  be  as  true  for  the  distributed  source  as  It  was  for  the  point  source,  so  that  the 
distribution  in  the  Image  plane  Is  not  affected.  This  conclusion  can  be  readily  confirmed  formally.  The 
result  of  equation  5 therefore  still  holds,  provided  only  that  the  source  field  is  normalized  - i.e. 
provided  equation  4 holds.  The  situation  Is  however  quite  different  if  the  Image  waveguide  source  Is  now 
regarded  as  finite,  which  will  of  course  modify  the  second  hologram.  Our  a'm  will  be  to  couple  to  a 
specific  mode  of  the  Image  fibre  U^^(i|^.),  which  we  will  again  assume  to  be  normalized. 


We  can  recalculate  the  expression  for  U.j(y.j)  and  find,  ^ 

-oO 

where  represents  the  Fourier  transform,  with  a transform  frequency  f^  as  given  by  equation  6.  It 
Is  readily  shown  that  equation  8 Is  in  accord  with  equation  5 for  the  special  case  when  U-.  Is  a delta 
function.  The  constant  B is  again  chosen  to  normalize  . 

The  wave  Incident  on  the  image  fibre  will  be  partially  reflected.  However  this  effect  amounts  In 
practice  to  a loss  of  only  a few  percent  and  will  for  the  moment  be  disregarded.  If  we  can  assume  that 
the  holograms  per  se  are  100*  efficient,  it  is  then  readily  shown  that  the  overall  coupler  efficiency 
is  given  by 


jj 

~eo 


If  we  no  longer  make  the  assumption  of  a uniformly  illuminated  hologram,  the  expression  for  becomes 
a little  more  complicated.  We  have  incorporated  this  additional  effect  In  all  the  results  presented 
In  this  paper. 


As  an  example  of  the  application  of  the  formulation  which  we  have  developed  In  this  section,  we 
have  calculated  the  predicted  performance  of  a coupler  between  two  Identical  slab  waveguides,  shown  in 
Figure  4.  At  the  wavelength  considered  the  guides  can  support  two  Tt  modes,  TE  and  TE^.  The 
calculated  efficiency  for  the  TE  to  TE  coupler  is  86*.  Our  formalism  also  allows  the  spurious  coupling 
to  the  TE,  mode.  For  this  case  the  preOlcted  power  to  this  mode  was  more  than  100  db  below  the  power 
into  the  wsired  mode.  We  have  also  calculated  the  efficiency  of  the  coupler  when  designed  deliberately 
to  couple  the  TE  mode  of  one  guide  to  the  TE,  mode  in  the  other.  In  this  case,  the  efficiency  was  only 
60*.  The  reduced  power  transfer  Is  primarily  due  to  the  amplitude  modulation  arising  from  the  object 
waveguide  wave.  In  this  case  the  mode  has  a symmetry  opposed  to  that  of  the  Image  waveguide,  and  it  Is 
Intuitively  clear  that  this  will  lead  to  reduced  coupling.  In  practice  one  could  largely  overcome  this 
effect  by  using  a rough  waveguide  end,  so  that  the  distribution  is  scrambled  before  recording  on  the 
hologram. 
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3.  SENSITIVITY  OF  COUPLER  PERFORMANCE  TO  TOLERANCE  ERRORS. 


In  the  last  section  we  have  investigated  the  performance  of  the  coupler  under  geometrically  ideal 
conditions.  In  practice  we  will  encounter  a number  of  tolerance  errors,  including  the  following; 


(i)  Di^lacement  of  object  fibre  with  respect  to  its  hologram  between  recording  and  usage,  by  amounts 

ani  Sv|i,Srj  respectively. 

(ii)  Lateral  displacement  by  of  one  half  of  the  coupler  with  respect  to  the  other. 

(iii)  Departure  from  parallelity  of  one  hologram  with  respect  to  the  other  by  an  angle 


We  have  evaluated  all  of  these,  and  some  typical  results  will  be  presented  following  a brief  outline  of 
the  formulation.  In  addition  to  these  constructional  tolerances  there  is  one  other  possible  defect  which 
we  have  considered,  arising  from  non-uniformity  in  the  hologram  plates.  We  will  give  some  results  on  the 
required  degree  of  parallelity. 


As  one  example  let  us  consider  the  case  when  an  object  point  source  is  laterally  displaced  by 
after  recording  the  hologram.  The  expression  for  the  image  field  now  takes  the  form 


x:  = . i3!_ 


where,  to  facilitate  comparison  with  equation  5,  we  have  retained  the  approximation  of  uniform  object 
field  illumination.  If  we  now  wish  to  consider  the  case  of  a finite  object,  we  must  carry  out  an 
integration  over  this  distribution  using  equation  10  as  the  impulse  response  function.  In  contrast  to 
the  case  of  zero  error  this  integration  will  now  affect  the  image  field  distribution.  The  result  can 
be  expressed  in  the  form 


400 

u,iv)=  3'  [P] 


The  efficiency  is  of  course  still  correctly  given  by  equation  9.  We  have  calculated  the  effect  of  a 
number  of  different  tolerance  errors,  using  the  arrangement  of  Figure  4.  Figure  5 shows  the  effect  of 
an  error  and  also  of  the  "worst  case"  situation  when  both  fibres  are  displaced  equally  in  the  same 

direction  , dijt  . We  see  that  for  a single  fibre  misalignment  of  one  half  guide  width  the 
efficiency  has  dropped  to  50%.  For  equal  displacements  of  the  same  magnitude  by  both  fibres  the 
efficiency  is  reduced  to  a few  percent.  Thus  the  stability  of  the  position  of  the  fibre  relative  to  its 
hologram  is  paramount,  and  would  have  to  be  maintained  with  an  accuracy  of  around  0.5  ^Yw. 


Of  fundamental  interest  to  the  concept  is  the  effect  of  a relative  lateral  displacement 
between  the  two  halves  of  the  holographic  coupler.  This  is  shown  in  Figure  6.  It  is  seen  that  dis- 
placements of  as  much  as  1 nm  have  very  little  effect  on  the  efficiency.  The  effect  we  see  here  is 
primarily  the  change  in  overlap  area  between  the  two  holograms.  In  assembling  the  structure  of  Figure  2 
in  the  field,  we  clearly  need  not  fear  any  difficulties  from  lateral  alignment  tolerances.  There  is 
nowever  a vital  need  to  maintain  parallelity  as  Indicated  in  Figure  7,  which  shows  the  degradation  as  a 
'Melt  of  a tilt  angle  ft  . We  see  that  the  required  tolerance  here  is  of  the  order  of  5.1”  rad. 
•iprespoiidtog  to  a non-uniformity  in  the  spacer  of  0.5  Mm  over  a diameter  of  1 cm.  Fortunately  this  is 
V ewtirelv  feasable  engineering  tolerance.  ' 


l<en  in  the  absence  of  any  mechanical  tolerance  errors,  we  must  contend  with  deviation  from 
•'•tf  and  wilformity  of  the  hologram  piates  themselves.  We  can  describe  this  error  in  terms  of  a 
-iTir  IlSCp  where  t^^  is  the  plate  thickness.  The  simplest  case  corresponds  to  a w,.-dge  error 

f m.*'^  eye)  • and  this  is  of  course  identical  in  form  to  that  already  discussed  in  terms  of  a 
.w-wwOT  the  two  holograms.  For  more  complicated  cases,  we  must  incorporate  the  phase  function  in 
••  a .'at'am  of  the  transmittance  of  the  holograms.  This  has  been  done,  and  we  can  therefore 
MW  < i-m  ii-  the  tituation  for  various  specific  functional  forms.  However  there  is  one  case  which 
d^^t  estimmte  of  the  dariage  which  such  phase  errors  can  cause  - that  of  a sinusoidal 
M.«  . smetial  frequency  f^  is  sufficiently  high,  the  effect  of  this  phase  error  will  be 
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to  generate  grating  orders  which  fall  outside  the  region  occupied  by  the  image  waveguide.  To  calculate 
the  loss  of  efficiency  we  need  therefore  only  estimate  the  power  diverted  into  higher  orders.  A well 
known  result  from  grating  theory  shows  that  the  fraction  of  the  power  diffracted  into  the  fii'St  order 
lobe  is  simply  J^.  We  have,  in  Figure  8 shown  computed  results  for  a phase  error,  as  a function  of  fj. 
for  two  different  depths  of  modulation.  We  have  also  indicated  the  asymptotic  result  which  derived 
from  the  above  simple  argument.  We  find  that  the  computed  curves  approach  this  limiting  value  for 
f.  5?  1.  It  would  appear  that  phase  errors  should  be  maintained  under  about  0.1  wavelength  - a figure 
wnich  is  however  achieved  in  available  precision  plates. 

^ 4.  EXPERIMENTAL  INVESTIGATION  AND  RESULTS. 

The  purpose  of  the  experiments  was  to  demonstrate  the  principle  of  the  coupler,  and  to  explore  the 
discrimination  against  unwanted  couplings  which  one  might  achieve  in  a multiple-fibre  coupler.  Further 
we  wished  to  obtain  some  experimental  confirmation  of  the  predicted  tolerance  sensitivities. 

In  the  realization  of  a practical  coupler  it  is  essential  that  the  holograms  should  have  the 
highest  possible  efficiency;  if  the  insertion  loss  due  to  the  holograms  themselves  is  to  be  less  than 
1 db,  this  demands  an  efficiency  of  around  90%.  Whilst  such  efficiencies  for  thick  phase  holograms  have 
been  observed  we  made  no  attempt  to  duplicate  such  results;  rather  we  used  simple  amplitude  holograms,  in 
some  cases  bleached,  their  efficiency  being  of  the  order  of  20%,  leading  to  an  insertion  loss  from  this 
cause  of  around  14  db.  Since  the  dynamic  range  of  our  measurement  system  exceeded  60  db,  this  fact  did 
not  however  present  any  obstacle  to  the  measurements  of  interest. 

There  was  one  further  way  in  which  we  simplified  our  experiments  relative  to  the  demands  which  would 
be  made  if  one  were  to  implement  a complete  coupler.  Rather  than  exposing  the  holograms  in  two  separate 
systems,  and  then  bringing  them  together,  we  placed  both  holograms  spaced  by  a small  distance  in  a frame, 
so  that  after  exposure  and  development  they  could  be  replaced  into  their  original  position.  This 
procedure  greatly  simplified  the  provision  of  the  two  complementary  reference  beams;  it  was  necessary  only 
to  provide  two  contra-propagating  accurately  collinear  beams.  The  collinearity  is  achieved  by  the  use 
of  a cyclic  interferometer.  Figure  9 shows  the  basic  arrangement  which  we  adopted.  The  system  shows  an 
arrangement  of  beam  splitters  to  allow  the  excitation  of  each  of  the  four  fibres,  two  in  each  half  of  the 
coupler.  The  heavy  lines  indicate  the  path  of  the  reference  beam  and  the  form  of  the  cyclic  interfero- 
meter. This  was  adjusted  so  as  to  produce  an  alignment  fringe  pattern  on  the  screen.  It  is  seen  that 
with  additional  beam  splitters  it  was  possible  to  generate  two  reference  beam  directions  {and  their 
complements),  to  allow  the  separate  recording  of  the  outputs  from  each  one  of  the  two  pairs  of  fibres. 

After  recording  the  holograms,  it  was  possible  to  reposition  the  plates  by  making  slight  adjustments 
on  the  precision  XYZ  support  for  the  plate  carrier  (-though  it  was  not  possible  to  adjust  the  relative 
positions  of  one  hologram  with  respect  to  the  other).  The  repositioning  was  greatly  aided  by  the  ability 
to  observe  interference  fringes  between  the  reference  beams  and  their  respective  reconstructions, 
produced  by  the  holograms  when  illuminated  by  the  fibres'  beams.  Figure  10  shows  typical  results 
obtainedusing  a double-cladded  step  index  fibre  with  a 10.6/‘»core,  #m«.ooiom  . The  fibre  supported 
two  modes  at  the  HeNe  wavelength;  however  it  was  possible  to  excite  selectively  the  lowest  mode,  and  the 
mode  conversion  in  the  lengths  used  (of  the  order  of  Im)  was  not  significant.  No  great  care  was  taken 
to  minimize  the  lens-fibre  coupling  efficiency  and  it  is  estimated  that  the  loss  going  into  the  fibre  was 
of  the  order  of  5 db,  and  the  loss  coming  out  of  the  order  of  3db.  This  would  suggest  that  the  inherent 
coupling  loss  for  this  experiment  was  of  the  order  of  7db.  However  the  possible  errors  imply  that  this 
result  must  be  bracketed  by  + 2db.  A series  of  similar  measurements  confirm  that  the  results  lie  in  this 
range.  It  should  be  emphasized  that  in  achieving  these  results  there  was  no  provision  for  separately 
adjusting  the  position  of  each  fibre  with  respect  to  the  hologram.  It  is  therefore  likely  that  a 
substantial  part  of  the  loss  of  efficiency  is  attributable  to  a displacement  of  the  image,  arising  from 
gelatine  shrinkage  or  small  errors  in  the  angular  repositioning  of  the  hologram.  There  are  grounds  for 
expecting  that  with  better  holographic  materials  the  coupling  efficiency, p , (quite  apart  from  the 
basic  hologram  efficiency)  could  be  substantially  enhanced. 

Of  more  immediate  concern  was  an  investigation  of  the  cross-coupling  encountered  in  a multiple 
fibre  coupler.  In  typical  experiments  this  was  found  to  he  at  least  40db  below  the  wanted  signals.  This 
figure  was  achieved  even  when  the  two  fibres,  on  one  half  of  the  coupler,  were  side  by  side  and  in  contact. 
This  result  is  readily  understood  in  terms  of  the  formulation  presented  in  section  3. 

In  order  to  investigate  the  tolerance  to  angular  misalignment  of  one  hologram  with  respect  to  the 
other,  experiments  were  conducted  using  the  undiffracted  component  of  a reference  beam  incident  on  the 
pair  of  holograms  as  shown  in  Figure  11.  Tilting  the  mirror  and  using  the  undiffracted  beam  between  the 
two  holograms  is  equivalent  to  a tilt  of  one  hologram  with  respect  to  the  other  in  normal  operation.  A 
typical  experimental  result  is  shown  in  Fig.  12.  It  confirms  the  order  of  magnitude  of  the  sensitivity 
calculated  for  the  different  - but  related  - case.  Figure  7.  The  system  can  also  be  used  to  effect  a 
displacement  of  the  beam  by  means  of  a tilted  optical  flat;  this  is  approximately  equivalent  to  a 
relative  lateral  displacement  between  the  two  holograms.  Figure  13.  The  lack  of  degradation  in  coupling 
even  for  displacements  as  large  as  O.Snm,  effectively  confirms  one  of  the  main  objectives  sought  in  this 
study. 

5.  ASSESSMENT  AND  CONCLUSIONS. 

He  have  analysed  the  operation  of  a fibre  coupler  to  be  built  on  the  basic  scheme  of  Figures  1 and 
2.  The  results  indicate  that  the  tolei-ances  which  have  to  be  met  are,  as  expected,  tight,  but  that 
those  which  relate  to  the  realization  i.'f  the  final  coupler  between  two  cables,  factory-fitted  with 
holographic  end  windows,  are  readily  attainable.  The  experiments  confirm  the  basic  predictions  of  the 
theory.  Nevertheless,  it  is  far  from  clear  whether,  and  if  so  where,  such  a coupler  could  be  Implemented 
in  a fully  operational  system.  In  this  section  we  will  briefly  discuss  some  of  the  relevant  considerat- 
ions. 
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The  insertion  loss  of  couplers  is  the  primary  measure  of  performance.  If  we  can  anticipate  the 
emergence  of  a phase  holographic  material  technique  allowing  the  attainment  of  90t  efficiency  - in  the 
visible  this  is  only  a small  extrapolation  from  the  present  situation  - we  could  anticipate  a loss 
(attributable  only  to  the  action  of  the  holograms)  of  uround  Idb.  The  Inherent  coupling  efficiency 
will  depend  primarily  on  the  size  of  the  fibre;  it  will  be  substantially  less  for  a small  index  step 
large  core  diameter  fibre  than  for  the  relatively  small  core  sample  used  in  our  experiments.  However  it 
would  to  us  seem  unduly  optimistic  to  assume  that  the  Inherent  coupling  loss  could  be  reduced  below  Idb. 
This  suggests  an  overall  insertion  loss  for  the  coupler  of  not  less  than  3db.  In  this  we  have  so  far 
considered  the  case  of  a single  fibre- to- fibre  coupler.  For  fibre  bundles,  the  situation  would  not 
however  be  drastically  changed.  The  use  of  a multiplicity  of  fibres  does  imply  using  a larger  volume  of 
active  holographic  material,  if  we  are  to  attain  the  same  efficiency,  for  a given  dynamic  range  as  we  do 
for  a single  fibre.  In  the  above  we  have  for  the  moment  disregarded  the  absence,  at  this  time,  of  good 
holographic  materials  in  the  wavelengths  range  which  is  currently  of  greatest  importance  - 0.9 
to  1.3^.  Let  s however  take  the  further  leap  of  faith  in  assuming  that  such  materials  will  be  found. 

We  can  then  still  come  rapidly  to  one  negative  conclusion:  It  does  not  seem  likely  to  us  that  such 
a holographic  coupler  could  serve  as  the  primary  splicing  means,  for  Jointing  trunk  cables.  With  fibre 
losses  which  are  now  well  under  Idb/km,  a loss  of  3db  in  the  coupler  would  represent  an  intolerable 
deficit.  These  considerationtdo  not  however  apply  with  comparable  impact  at  a terminal  to  a fibre  system. 
One  can  envisage  that  at  such  a terminal  there  will  be  the  need  to  Join  rapidly  a bundle  of  fibres  to  one 
of  a different  set  of  other  bundles.  One  can  also  envisage  the  need  for  patch  boards,  which  allow  flexible 
redirection  of  traffic,  or  permit  rapid  testing  of  combinations  of  route  fibres.  In  this  area,  we  believe 
that  the  chances  for  applying  the  holographic  coupler  are  very  much  more  favourable. 

It  is  of  interest  to  consider  how  many  fibres  in  a bundle  one  might  be  able  to  combine  in  a single 
coupler.  We  can  iniiied lately  conclude  that  the  limit  will  not  be  set  by  lack  of  space.  We  have  shown  that 
crosstalk  in  addressing  one  of  a pair  of  touching  fibres  is  less  than  -40db.  If  one  were  to  take  a 
bundle  in  contact,  one  could  readily  accomnndate  100  fibres  in  an  area  of  less  than  Znm  square.  Tne  limit 
must  therefore  be  set  by  the  dynamic  range  of  the  hologram,  and  the  available  hologram  volume.  Since  it 
is  the  product  of  modulation  index  and  the  thickness  of  the  hologram  which  determines  the  efficiency 
(Kogelnik,  1969),  one  can  argue  that  in  order  to  store  N high  efficiency  holograms  on  a single  plate,  the 
photosensitive  material  must  be  N times  thicker  than  for  a single  hologram.  Typical  thicknesses  for  high 
efficiency  bleached  emulsion  holograms  are  of  the  order  of  6fan.  Thus  for  50  holograms,  one  would,  on 
this  simple  argument,  require  a thickness  of  the  photosensitive  layer  of  300  fOa.  In  practice,  it  is 
necessary  to  record  two  holograms  per  fibre,  to  allow  for  the  fact  that  the  direction  of  polarization  is 
not  known.  A storage  of  50  holograms  therefore  allows  the  coupling  of  two  25  fibre  bundles.  -These 
considerations  are  speculative;  however,  it  is  clear  that  the  number  can  certainly  be  in  excess  of  10,  and 
also  that  it  would  prove  very  difficult  to  contemplate  a number  as  large  as  100. 
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a. 


b. 


Figure  1 Basic  holographic  coupler  system 

(a)  Recording  geometry.  The  holograms  are  separately  recorded,  with  Uj^i* 

(b)  Reconstruction  geometry  to  effect  fibre-fibre  coupling.  The  wave  between  the  holograms  Is 
approximately  plane. 
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Figure  3 Basic  coupler  geoinetry.  The  quantities  '*1^  and  »]•  are  coordinates  for  the  source  distribut- 
ions. ' I'’ 


Figure  4 Model  used  for  calculations.  The  refractive  indices  are  n.|*  1.5  and  n^'  1.495. 


figure  7 Effect  of  an  angular  error S}  In  the  alignment  of  the  halves  of  the  coupler  on  Its  efficiency  p 


Figure  8 Effect  of  a sinusoidal  roughness  In  the  hologram  substrate,  with  amplitude  Strand  frequency 
, on  the  coupling  efficiency  p . 


STRUCTURE  DE  CABLE  POUR  FIBRES  OPTiqUES 
ET  PROCEDE  DE  RACOORDEMENT 


45-1 


par  : G.  LE  NOANE 

CNET/LANNION 

France 


RESUME 

Aprds  une  presentation  somaaire  des  troia  grandes  fanilles  de  atructurea  envisageablea  pour 
des  cibles  optiquea  i conducteurs  monofibres  et  I'eaposS  des  rCsultats  opto-mecaniques  obtenus  aprSs 
la  pause  d'un  cible  A structure  "classique",  nous  ddcrivons  un  support  de  transmission  compose  d'un 
element  de  c3ble  A structure  cylindrique  compart imentAe  et  d'un  systAme  de  raccordement . Nous  abordons 
le  node  de  realisation  en  continu  d'un  tel  element  et  rapportons  les  rAsultats  experimentaux  obtenus 
sur  un  raccordement  effectuA  entiAronent  dans  une  chambre  de  raccordement.  Nous  mettons  d'autre  part 
I'accent  sur  le  caractAre  modulaire  d'une  telle  solution  qui  doit  pcrmettre  son  adaptation  A diffAren- 
rentes  appl  icat  iona . 


INTRODUCTION 

Lea  nombreuses  applications  envisagAes  pour  les  fibres  optiques  justifieront  certainement 
I'utilisation  de  diffArentes  structures  de  support  de  transmission.  Dans  tous  les  cas,  cependant, 
il  imports  de  profiter  des  qualitAs  essentielles  de  la  fibre  pour  obtenir,  A la  difference  des  cSbles 
actuels,  des  cSbles  lAgers,  peu  encombrants,  Aconoraiques  et  utilisables  pour  divers  dAbits  d' informa- 
tions. Les  premiers  prototypes  de  cAbles  A conducteurs  monofibres  ont  montrA  qu'il  Atait  possible  de 
rendre  ces  clbles  trAs  fiables  et  trAs  rAsistants.  En  fait,  les  performances  mAcaniques  et  optiques 
de  ces  supports  pourront  Stre  trAs  variables  en  fonction  du  nombre  de  fibres  requis,  de  la  qualitA 
des  fibres  nAcessaires,  des  contraintes  de  pose  et  d' exploitation  et  des  performances  recherchAes  aux 
raccordsnents.  Noua  dAcrivons  une  atructure  d'AlAment  de  cible  cylindrique  compart imentAe  et  un  procAdA 
de  raccordement  consticuant  la  base  d'un  systAme  modulaire  capable  de  rApondre  aux  exigences  de  siul- 
tiples  applications. 


STRUCTURES  DE  CABLES 

On  peut  classer  les  structures  de  c3bles  ou  d'AlAments  de  cSbles  formAs  de  conducteurs  mono- 
fibres  en  trois  grandes  families  : 

- les  structures  "rubans"(M. J . SCHWARTZ,  I976)qui  assemblent  les  fibres  en  matrice  constituAe 
par  empilage  de  rubans  et  assurent  la  protection  mAcanique  par  la  gaine  extArieure.  Elies 
prAsentent  surtout  un  grand  intArSt  pour  les  supports  de  transmission  nAcessitant  un  grand 
nombre  de  fibres  (systAmes  de  tAlAcomaunications  numAriques  A bas  dAbita  par  example) (fig. I ) 

- les  structures  "classiques"  (fig.  2)  baaAes  sur  la  protection  individuelle  de  la  fibre  par 
gainagea  et  I'utilisation  des  techniques  habituelles  d'assemblage.  ELles  peuvent  conduire 

A des  performances  intAressantes  en  attAnuation  et  A une  tenue  mAcanique  remarquable.  Nous 
disposons  de  tronqons  de  ce  type  de  cibles  (R.  JOCTEUR,  1976)  posAs  en  conduites  sur  700m 
au  CNET.  L'attAnuation  moyenne  est  de  6,3dB/lai  (valeura  extrAmea  5 dB/km  et  9dB/km)  et  n'a 
pas  AvoluA  aprAs  un  an  de  poae.  Les  tests  mAcaniques  de  traction  (fig.  3)  effectuAa  jus- 
qu'A  prAaenC  sur  courtes  longueurs  (points  d'ancrage  distanta  de  I, 20m 

pour  un  cible  de  30m  de  long)  ont  montrA  qu'un  tel  cible,  grtce  A aa  gaine  aluminium 

peut  supporter  une  traction  de  300  daN  (allongement  8/1000)  aans  riaque  de  modification 
de  son  attAnuation  et  bien  entendu  sans  rupture  de  fibre  (fig.  4).  On  peut  cependant  crain- 
dre  pour  de  telles  structures  un  encombrement  iisportant,  un  processus  de  fabrication  com- 
pliquA  et  coQteux  et  des  difficultAs  iisportantes  pour  le  raccordement  (dAgainage  dea  fi- 
brea,  repArage...)  dans  le  cas  d'un  grand  nombre  de  fibraa. 

- lea  atructurea  cylindriqucs  "compartimentAcs" (G.  LE  NOANE,  1976)  dont  la  principe  eat 
d'Aviter  la  protection  individuelle  de  la  fibre  grlca  A un  profilA  adap’'*.  Ca  type  de  atruc- 
ture modulaire  peut  rApondre  A une  gatase  importance  d'applicaCiona  an  faiaanC  verier  le 
nombre  de  fibres  par  AlAmenC,  la  diamAtre  de  cat  AlAment  at  le  nombre  d'AlAmanta  dana  le 
cible. 


La  atructure  de  cheque  AlAment  repose  sur  qualquas  principaa  fondamantaux  s 

- obcanir  une  unitA  ayant  lea  qualitAs  mAcaniques  da  rAaistanca  at  da  souplasse  compatiblas 
svac  I'assamblage  at  fscilitant  les  raccordaaanta 

- protAgar  et  rapArar  las  fibres  par  un  profilA  adaptA  ca  qui  Avita  I'utilisation  da  gainagea 
complexes 

- Avitar  lea  traitemants  dAlicata  da  la  fibre  (extrusion  - anrobaga)  qui  pourraiant  nuire 
aux  qualitAs  optiquas  en  utilisant  la  fibre  aunia  d'un  ravltamant  trAs  fin  at  rAguliar,  ca 
qui  facilita  ausai  la  raccordamant 


- d£finir  un  processus  de  fsbrication  en  continu  qui  rende  dconomique  la  realisation  des 
elements  de  c2ble 

Chaque  element  comprend  (Fig.  S) 

a - une  Sme  cylindrique  qui  coioporte  & sa  pdripherie  une  serie  de  cannelures  heiicoldales 
recevsnt  chacune  une  fibre. 

b - lea  fibres  munies  d'un  revetement  fin  (2  i 3um  d'epaisseur)  et  rdgulier  applique  au 
cours  du  fibrage.  Elies  conservent  ainsi  leurs  qualites  d'origine  et  ont  une  tenue  me- 
canique  compatible  avec  les  operations  de  cSblage  (souplesse,  resistance  i la  traction 
> I daN  pour  une  fibre  de  diametre  125  um) 

c - un  gainage  qui  assure  la  fermeture  des  alveoles.  Conne  dans  tons  les  cas  de  structures 
ce  gainage  pour  des  applications  d faible  nombre  de  fibres  pent  d lui  seul  assurer  une 
excellente  resistance  mecanique  au  cdble.  (ce  gainage  pent  aller  d'un  simple  enruban- 
nage  d une  gaine  aluminium...)  ^ 

Les  caracteristiques  des  rainures  ou  des  alvdoles  (hauteur  environ  6 fois  le  diamdtre  d'une 
fibre,  pas  d'environ  2CX)iiiii)  ont  ete  etablies  afin  que  la  fibre,  grdce  d des  degrds  de  liberte  suf- 
fisants,  ne  subisse  pas  les  effets  des  phenomdnes  de  dilatation,  d'allongement  sous  effort  de  trac- 
tion, de  torsion,  de  flexion  de  I'Sme  centrale. 

L'extrusion  de  polyethyldne  H.D.  ou  de  polypropylene  autour  d'un  porteur  central  permet 
d'obtenir  les  qualitds  essentielles  du  profile,  qui  sont  la  regularite  geometrique  et  la  tenue  me- 
canique, (chocs,  dcrasements,  flexion,  traction).  Nous  dtudions  actuellement  diffdrentes  possibili- 
tds  de  fabrication  en  continu  d'un  tel  eidment  de  cdble,  afin  de  simplifier  1 'operation  de  pose  des 
fibres. 


PROCEDE  DE  RACCORDEMENT 

Nous  avons  developpd  une  methode  dont  le  principe  de  base  consiste  d remplacer,  d chaque 
extremite  des  elements  d raccorder,  le  support  cablier  des  fibres  (porteur  central,  profile  rainure..) 
par  un  profile  parfaitement  calibre  (fig.  6).  Lorsque  I'objectif  essentiel  est  de  rcchercher  les  trds 
faibles  attenuations  (application  aux  teieconiBunications)  les  deux  profiles  employes  au  raccordement 
sont  issus  d'une  seule  pidce  et  les  performances  dependent  alors  principalement  des  dcarts  de  dimen- 
sions et  de  profile  d' indices  entre  les  fibres  d raccorder.  Dans  le  cas  ou  les  performances  optiques 
techer..hees  sont  moins  sevdres,  (transmissions  courtes  distantes)  on  pent  envisager  la  production 
independante  des  deux  profiles  par  moulage.  Independanmient  de  I'adaptation  d'un  tel  procedd  d une 
structure  de  cdble  qui  permet  d'dviter  le  degainage  des  fibres,  ('application  d'une  technique  indus- 
trielle  de  sciage  (sans  polissage)  pour  la  preparation  des  faces  dvite  les  operations  de  position- 
nement  longitudinal,  simplifie  la  partie  mdcanique  du  raccordement  et  permet  d'effectuer  toutes  les 
preparations  sur  le  chantier  de  pose  (fig.  7). 

Le  procddd  de  raccordement  consiste  done  d : 

- remplacer  le  support  cablier  par  un  profile  rainurd  en  matdriau  tel  que  I'alumice  aprds 
dpanouissement  de  I'dldment  de  cdble. 

- ddgainer  les  fibres  si  besoin  est,  et  les  placer  dans  les  rainures  : les  centrer  et  les 
coller  en  appliquant  une  pression  d I'aids  d'une  gaine  thermordtractable . 

- scier  les  fibres  dans  un  plan  perpend iculaire  d I'axe  du  profile 

- nettoyer  les  deux  excrdmites  et  les  enduire  d'une  graisse  assurant  la  protection  et  la 
continuitd  d' indice,  puis  assembler  les  deux  embouts  ainsi  prdpards  d I'aide  d'un  montage 
mdcanique  (fig.  8)  dont  la  fonction  essentielle  est  de  reconstituer  aussi  ciddleraent  que 
possible  le  profile  initial  - I'alignement  axial  est  assurd  par  deux  demi-coquilles  pres- 
sdes  centre  les  surfaces  cylindriques  des  profiles  et  le  positionnement  angulaire  par 
deux  clavettes  - D'autres  solutions  mdeaniques  peuvent  Stre  adoptdes  pour  assurer  ces 
functions  mais  I'ensemble  constitue  un  montage  mdcanique  rigide  et  dtanche  (joints  d'd- 
tanchditd)  ce  qui  permet  d'assurer  une  excellente  stabilitd. 


RESULTATS  EXPER IMENTAUX 

Les  rdsultats  prdsentds  sur  les  fig.  9 et  fig.  10  ont  dtd  obtenus  d partir  de  profiles  en 
alumine  comportant  cinq  rainures  et  d'un  montage  mdcanique  analogue  d celui  utilise  pour  un  dldment 
de  cdble  complet.  Les  rdsultats  portent  sur  AO  raccordements  effectuds  avec  deux  types  de  fibres  (step- 
index  - AdB/km  - 115-65  pm  et  125  - 85iim) . Bien  que  les  fibres  appartiennent  d des  lots  de  fabrica- 
tion diffdrents,  il  est  difficile  de  prdjuger  de  la  valeur  exacte  que  prendraient  ces  rdsultats  au 
Slade  industriel  en  fonction  de  la  qualitd  des  fibres  employees. 

Nous  avons  d'autre  part  appliqud  cette  rndthode  au  raccordement  de  deux  c2bles  d structure 
classique  posds  sur  700m  en  conduite  et  obtenu  des  rdsultats  analogues  d ceux  des  dchantillons  de 
laboratoire.  Cette  operation  nous  a permis  de  tester  la  stabilitd  du  connecteur  (fig. 11)  qui  aprds 
9 mois  d'exploitation  a gardd  les  memes  performances  malgre  de  grandes  variations  de  tempdrature 
(-5  d *30*0).  Elies  nous  a confirmd  les  avantages  de  la  ^thode  : positionnement  des  fibres  en  une 
operation  d I'aide  d'une  gaine  thermordtractable,  preparation  des  faces  d'extrdmitds  par  sciage, 
positionnement  longitudinal  rigoureux.  Elle  nous  a montrd  d'autre  part,  qu'il  peut  Stre  trds  important 
de  disposer  d'une  structuee  de  clble  bien  adaptde,  telle  que  la  structure  cylindrique  compartimentde 
permettant  d'dviter  les  operations  ddlicates  de  ddgainage  at  assurant  le  reperage  des  fibres,  surtout 
dans  le  cas  d'un  grand  nombre  de  fibres. 


45-3 


CONCLUSION 

Nous  flvons  d£fini  un  support  de  transmission  sur  fibres  optiques  compose  d'un  el&nent  du 
cSble  i structure  cylindrique  compartimentfe  et  d'un  syatSme  de  raccordement , Nous  pensons  que  les 
possibllitds  de  variation  de  la  taille  de  l'£lfment,  du  nombre  d'alvfoles,  de  la  nature  de  la  gaine 
en  fonction  des  contraintes  Impos^es  permettront  d un  tel  support  de  satisfaire  & de  nombreuses  ap- 
plications. 
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INTRODUCnON 


There  is  currently  growing  interest  in  directional  or  T-coupling  components  for  use  with  single 
multimode  optical  fibres.  Perhaps  there  has  been  somewhat  less  interest  in  the  development  of  variable 
and  fixed  attenuators.  These  will,  however,  probably  be  required  for  system  testing.  The  devices  which 
are  described  in  this  paper  are  essentially  directional  couplers  or  fibre  taps,  which,  because  of  their 
principle  of  operation,  could  also  be  used  as  attenuators.  The  essential  property  of  the  device  is  that 
it  is  non-invasive;  that  is,  the  fibre  is  not  permanently  changed  or  damaged  in  any  way  when  the  device 
is  in  use.  This  means  that  the  degree  of  coupling  or  attenuation  achieved,  and  indeed,  whether  there  is 
any  coupling  at  all  can  be  externally  controlled  in  a simple  manner.  The  non-invasive  property  is  very 
important  since  it  enables  the  other  desirable  features  of  the  device  to  be  realised.  These  features  are 
very  low  insertion  loss,  and  the  elimination  of  the  need  for  any  connectors  or  splicer  which  would  in 
turn  introduce  a further  source  of  overall  loss.  Furthermore,  the  inherent  mechanical  simplicity  of  this 
component  permits  easy  fabrication  in  quantity  and  therefore  potentially  low  cost. 

TWO  forms  of  the  coupler/attenuator  are  presently  under  study.  The  first  is  illustrated  in  fig.  1 
and  consists  of  a block  of  clear  plastic  material  with  an  amplitude  grating  on  one  surface  against  which 
the  fibre  is  pressed.  The  fibre  assumes  the  shape  of  the  grating  which  is  approximately  sinusoidal. 

Power  from  the  fibre  is  coupled  out  into  the  plastic  medium  and  may  be  detected  at  the  end  face.  We  refer 
to  -his  type  of  coupler  as  a 'bulk*  coupler.  The  second  form  of  the  device  (fig.  2)  which  is  in  many 
ways  more  attractive,  consists  of  a thin  glass  plate  of  about  the  same  thickness  as  the  fibre  with  a 
grating  formed  on  one  edge.  The  plate  is  shaped  such  that  the  emerging  radiation  from  the  coupling  region 
is  focussed  on  to  a detector  or  another  fibre.  We  report  results  for  both  types  of  coupler  in  this  paper. 

PRINCIPLE  OF  OPEKAnON 


Although  we  have  described  the  operation  of  this  device  previously  (1),  its  unique  features  justify 
a more  detailed  explanation.  The  coupler  may  be  conveniently  considered  to  operate  via  a two  stage  process 
Firstly,  power  is  converted  from  low  order,  well  confined  modes  to  much  higher  order,  poorly  confined  modes 
These  high  order  modes  are  then  extracted  from  the  fibre  to  complete  the  coupling  process.  The  phenomenon 
of  induced  coupling  between  waveguide  modes  due  to  a periodic  perturbation  of  the  guide  is  well-known  and 
it  is  this  effect  which  is  used  to  implement  the  conversion  of  optical  power  from  low  to  high  order  modes. 
This  is  achieved  by  pressing  the  fibre  in  intimate  contact  with  the  mechanical  grating  which  has  a wave- 
length such  that  phase  matching  of  the  propagation  co.istants  of  adjacent  fibre  modes  becomes  possible. 

The  phase  matching  condlcion  is  given  by 

2IT_  - p - p - Ap  (1) 

A 

where  A is  the  grating  wavelength  and  P^  and  ore  the  propagation  constants  of  adjacent  fibre  modes. 

This  approach  outkes  use  of  the  highly  multimode  nature  of  currently  available  coomainication  fibres. 
Although  for  a step-index  fibre  Ap  varies  with  p the  variation  is  sufficiently  ssiall  for  a highly 
multimode  guide  of  small  refractive  index  difference  between  core  and  cladding  to  make  operation  possible. 
Nevertheless,  there  is  still  no  single  value  of  coupling  wavelength  A which  can  produce  coupling  over 
the  complete  range  of  propagation  constants.  We  refer  now  to  the  graph  of  azimuthal  mode  number  v as 
a function  of  normalised  propagation  constant  p/Kh^  for  a multimode  step  index  fibre  shown  in  fig.  3> 

N is  the  free  space  propagation  constant  and  Hs  Is  The  refractive  index  of  the  core.  All  the  bound, 
leaky  and  radiating  modes  of  the  fibre  can  be  represented  on  this  diagram.  The  bound  nodes  lie  between 
the  line  R - 06  (i.e.p/Kn,>  1-A)  andp/hl^*  1.  The  parameter  R is  a radius,  normalised  to  the  fibre 
core  radius,  at  which  a mode  becomes  radiative.  Since  bound  modes  have  no  radiative  part  in  this  case 
R - 00.  The  region  of  the  graph  to  the  left  of  the  line  R - 00  represents  leaky  and  radiating  modes.  The 
line  R *■  1.47  corresponds  to  modes  which  become  radiative  at  the  cladding  radius  for  this  fibre.  Super- 
imposed on  the  graph  are  lines  of  constant  coupling  wavelength  A in  im  calculated  subject  to  the 
experimentally  determined  selection  rule  for  this  coupling  process,  which  Is  (3) 


LF 


V(1 


LP, 


V±l,|l 


(2) 


where  V , ^ are  the  azimuthal  and  radial  node  numbers  respectively. 

We  see  that  it  is  possible  to  choose  a value  of  A (in  this  example  A 1.9b)  which  will  couple  together 
pairs  of  bound  and  pairs  of  leaky  nodes.  In  fact,  because  the  grating  has  a finite  interaction  length  the 
resulting  'Fourier  spread*  of  wavelengths  about  the  central  wavelength  ensures  that  coupling  con  occur 
between  adjacent  iwde  pairs  over  a range  of  value  of  propagation  constant.  Ologe  (2)  has  shown  that  this 
type  of  nearest  neighbour  coupling  results  in  a diffusion  of  power  from  lower  to  higher  order  nodes. 

The  coupling  action  is  completed  when  power  in  nodes  of  sufficiently  high  order  leaks  at  the 
individual  bends  of  the  grating  into  the  coupler  medium.  This  is  thj  well-known  bending  loss  phenosnnon. 
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An  iaportnnt  practical  parameter  in  the  description  of  the  coupler  is  the  nechanical  amplitude  of  the 
grating.  Coupled  ■K>de  theory  has  been  used  (4)  to  calculate  the  coupling  coefficient  between  pairs  of 
■odes  for  various  types  of  deforsuition  of  a aultlaode  fibre.  However,  the  overall  behaviour  of  the  coupler 
as  a function  of  grating  asqilitude  will  naturally  also  depend  on  the  particular  mode  distribution  on  the 
fibre.  A detailed  analysis  will  not  be  attempted  here  and  we  therefore  restrict  our  consideration  to  the 
assertiom,  based  on  intuition,  that  for  a quasi-stable  SKxle  distribution  coupled  power  will  be  a ssK>othly 
varying  fimctlon  of  grating  amplitude,  for  small  deformations. 

■BULK*  COUPiatS 


In  order  to  arrive  at  the  necessary  design  criteria  for  a given  application  the  properties  of  the 
coupler  and  the  way  in  which  they  are  affected  by  fibre  paraseters  oust  be  detensined.  Ejqwriments  were 
therefore  performed  to  investigate  the  relationship  between  coupling  efficiency  and  attentuatlon  and  the 
mechanical  amplitude  of  the  grating.  Ihe  insertion  loss,  or  more  usefully,  the  incremental  (or  excess) 
system  loss  introduced  by  the  device  was  also  determined. 

Figin^  4 shows  the  variation  of  coupling  efficiency  as  a function  of  grating  amplitude  for  a very 
short  system  length.  This  data  was  obtained  using  five  bulk  couplers  of  different  amplitudes  to  which  the 
experimental  points  refer.  The  results  suggest  a sharp  initial  increase  in  coupling  efficiency  with 
amplitude  followed  by  a more  well  behaved,  smoothly  varying  region.  In  order  to  check  this  behaviour  an 
experiment  was  performed  with  the  16  micron  amplitude  coupler.  The  fibre  was  pressed  gradually  into 
contact  with  the  grating  until  the  full  depth  of  the  coujiLer  was  Impressed  on  the  fibre,  while  simultaneously 
iBonitoring  the  power  from  the  coupler.  Figure  5 shows  that  a sudden  rise  of  coupled  power  at  low  amplitude 
is  again  followed  by  a more  well-behaved  section  and  eventual  saturation  as  the  fibre  becomes  fully  contracted. 

The  labelling  of  the  abscissa  on  this  and  some  subsequent  graphs  merits  further  comsient.  The  actual 
ejqxrlmental  arrangement  is  shown  in  figure  6.  The  coupler  is  rigidly  fixed  and  the  fibre  is  loosely 
attached  to  a rubber  pad  soaked  in  index  smtching  liquid.  The  pad  is  mounted  on  a rigid  plate  which  may 
be  translated  by  a micrometer  stage  with  an  electrical  output  facility.  While  the  exact  mechanical  behaviour 
of  this  arrangement  is  not  simple,  for  the  very  small  dlsplacesients  involved  we  infer  that  the  mlcroimter 
displacement  is  roughly  proportional  to  the  effective  grating  amplitude  produced. 

These  experiments  were  repeated  for  longer  lengths  of  two  different  step  index  fibres.  In  the  first 
case,  shown  in  figure  7,  for  the  sasK  fibre  as  before,  the  sudden  rise  in  coupled  pwer  is  not  present. 

The  absence  of  the  effect  is  also  apparent  on  a measurement  made  on  a single  coupler  (fig.  8).  We  explain 
this  result  by  noting  first  that  for  the  case  of  the  coupler  very  close  to  the  source  the  fibre  will 
contain  a sizeable  proportion  of  leaky  modes  (5),  many  of  which  are  very  lossy  and  would  not  be  present 
further  from  the  source  even  if  the  coupler  were  not  applied.  Also  as  we  showed  in  a previous  paper  (1), 
the  action  of  the  coupler  is  such  that  power  is  extracted  predominantly  from  the  outer  fibre  modes.  The 
initial  application  of  the  coupler,  therefore,  causes  the  high  Oder  modes  to  be  stripped  rapidly  and 
detected  at  the  coupler  output.  The  resulting  fibre  mode  distribution  is  then  narrower  and  more  represent- 
ative of  the  distribution  further  from  the  source.  Applying  a greater  amplitude  to  the  fibre  therefore 
merely  enhances  the  power  diffusion  from  low  to  high  order  modes  to  produce  coupled  power  in  the  expected 
manner.  In  this  region  therefore  an  increase  in  grating  amplltvide  has  the  primary  effect  of  increasing 
the  coupling  coefficient  between  adjacent  fibre  modes.  In  the  experiments  using  the  longer  length  of 
fibre  the  extresicly  high  loss  modes  have  been  reBX>ved  before  the  coupler  is  encountered.  No  rapid  rise  in 
output  power  is  therefore  expected  on  initial  application  of  the  coupler. 

Ihe  second  longer  length  experiment  used  a step  index  fibre  of  slightly  smaller  core  size  (63  micron 
as  opposed  to  85  micron).  The  behaviour  is  substantially  the  same  as  before  with  no  apparent  transient 
effects,  as  illustrated  in  fig.  9,  for  a single  coupler  measurement.  In  this  instance  the  output  power 
from  the  fibre  end  was  also  monitored  and  decreases  in  a moothly  continuous  manner  as  shown  in  fig.  10. 

We  consider  now  the  effect  of  the  application  of  the  coupler  on  the  Incremental  (or  excess)  system 
loss  introduced  for  a short  and  intenaediate  distance  of  the  coupler  from  the  source.  The  outi»t  power  of 
the  fibre  end  was  monitored  before  and  after  application  of  the  coupler.  The  coupled  power  was  also 
measured.  The  fibre  was  broken  a short  distance  from  the  input  end  and  the  input  power  measured.  Cladding 
power  was  stripped  at  both  the  launch  end  and  the  teminatlon.  In  the  short  length  experiment  the 
arrangement  consisted  of  about  1.^  of  fibre  followed  by  the  coupler  and  a further  3.^  of  fibre.  The 
measured  fibre  loss  was  of  course  very  small  for  such  a short  length.  Assusdng  all  of  the  fibre  loss  to 
occvir  between  the  source  and  the  coupler  - that  is  the  total  fibre  loss  is  referred  to  the  input  end  of  the 
confer  - then  the  excess  loss  introduced  by  the  coupler  calculated  on  this  basis  represents  a worst  case 
figure.  Thus  the  transmission  of  the  fibre  with  the  coupler  applied  was  87.2/i  with  11.5)C  of  the  unit 
input  power  appearing  at  the  coupler  output.  The  total  losses  were  therefore  l.Jit.  If  the  loss  in  the 
fibre  is  not  referred  to  the  input  end  of  the  coupler,  but  treated  as  occurlng  all  along  the  length  of 
the  fibre  then  the  measured  excess  loss  was  1.3%.  As  slight  be  expected  for  this  very  short  length  of 
fibre  the  difference  is  very  slight. 

A longer  length  of  fibre  arranged  with  30m  prior  to  the  coupler  and  10m  afterwards  gave  performance 
data  (with  norml  fibre  losses  referred  to  the  coupler  input)  of  transmission  72.4%t  coupled  power  23.6% 
and  total  losses  of  4%.  By  assuming  fibre  loss  to  occur  throughout  the  system  the  excess  loss  was  about 
3%.  It  should  be  noted  that  these  loss  figures  refer  to  the  total  losses  for  a system  to  which  a coupler 
is  applied.  They  consist  in  general  of  two  components.  The  first  is  due  to  imperfections  of  the  coupler 
Itself  resulting  in  loss  of  light  after  it  has  been  extracted  from  the  fibre.  This  loss  component  is 
expected  to  be  very  small  and  has  been  reported  previously  (1)  to  be  of  the  order  of  0.5%.  The  other 
loss  component  is  due  to  light  which  has  been  converted  by  the  coupler  into  high  order  modes  but  not 
extracted  before  the  end  of  the  interaction  region.  This  high  order  mode  p<wer  is  subsequently  lost  in 
the  fibre  itself.  This  effect  is  thought  to  account  for  most  of  the  measured  pwer  loss. 
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Recently  we  have  made  preliminary  measurements  on  thin  plate  couplers  which  have  the  advantages  over 
bulk  couplers  of  small  site  and  only  a one  dimensional  focussing  requirement.  Ihey  are  also  potentially 
cheap  Items  since  many  may  be  fabricated  simultaneously.  While  there  are  several  possible  methods  of 
fabrication  which  could  be  Investigated  we  have  chosen  a polishing  technique  which  allows  the  grating 
profile  to  be  formed  slmultareously  on  a stack  of  about  100  coupler  blanks.  Hie  blanks  are  prepared  by 
waxing  together  about  100  circular  glass  cover  slips.  The  resulting  cylindrical  block  is  then  cut  and 
polished  to  form  two  blocks  of  coupler  blanks  (see  fig.  11).  It  Is  naturally  essential  that  all  the 
plate  edges  are  of  good  optical  finish  and  this  la  checked  by  Inspection.  Ihe  blanks  are  polished  on  a 
wheel  which  resembles  a caricature  of  a gramophone  record  except  that  the  grooves  have  a sinusoidal 
profile.  After  a time  the  blanks  assume  the  same  profile  and  are  finally  polished  to  a good  optical 
finish.  Separation  of  the  plates  results  in  a set  of  couplers  more  or  less  Identical  in  geometry  and 
therefore  properties. 

Preliminary  measurements  have  been  made  on  these  devices  and  these  compare  well  with  results  obtained 
with  bulk  couplers.  For  a thin-plate  coupler  which  usefully  extracted  \A%  of  the  input  light,  for  example, 
a loss  of  2.5!^  was  recorded.  Ihis  measurement  did  not  fully  take  account  of  the  excess  loss  discussed 
earlier  and  is  thought  to  be  almost  entirely  due  to  Imperfections  of  the  plate.  With  Improvements  in 
manufacturing  tolerances  this  loss  may  be  eiqiected  to  be  substantially  reduced. 

A prototype  assembly  for  a thin  plate  fibre  to  detector  coupling  device  has  also  been  constructed. 
Figure  12a  shows  a photograph  of  the  device  and  fig.  12b  a cut  away  view  of  the  arrangement.  Ihe  plate  is 
held  In  a slot  at  the  bottom  of  a V-block.  The  fibre  is  located  at  the  bottom  of  the  V and  pressed  on  top 
of  the  plate  by  a flexible  pad  operated  via  an  adjusting  screw.  The  coupled  light  is  focussed  on  to  a 
detector  attached  to  a miniature  electrical  connector  which  is  screwed  to  the  bottom  of  the  block.  The 
outer  metallic  casing  serves  to  protect  the  bared  fibre  and  to  clamp  the  cable.  We  have  demonstrated  the 
operation  of  this  assembly  and  •-rork  Is  proceeding  to  Improve  the  design  and  performance. 

CONCLUSIOtB 

We  may  say  that  the  reasonably  well  behaved  nature  of  the  coupled  power  as  a function  of  grating 
amplitude  for  realistic  fibre  lengths  and  the  small  incremental  loss  penalty  Introduced  show  that  this 
device  is  capable  of  effective  operation  both  as  a directional  coupler  and  as  an  attenuator.  The 
important  non-invaslve  property,  which  is  responsible  for  the  low  loss,  allows  the  coupling  fraction  or 
attentuatlon  to  be  made  continuously  variable  from  zero  to  the  device  maximum,  a feature  which  would  be 
difficult  to  achieve  with  alternative  Invasive  schemes.  We  have  made  prototype  devices  which  are  now 
undergoing  practical  assessment  and  development  and  we  hope  to  present  details  of  this  work  at  a later 
date. 
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Mode  diagram  for  step  index  fibre 
with  contours  of  coupling 

Wavelength  in  millimetres 
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Figure  3*  Azimuthal  mode  number  v as  a function  of  p/hnofor  a multimode  step  index  fibre. 


Figure  4. 


Coupling  efficiency  as  a function  of  grating  amplitude  for  a short  system  length. 


Coupling  efficiency  as  a function  of  amplitude  for  the  16  micron  grating  and  short  fibre 
length. 


Figure  $• 
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Figure  6.  Experimental  arrangement  for  single  grating  measurements 
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SUMMARY 

A range  of  compatible  and  detachable  devices  for  links  with  optical  fiber  bundles  have 
already  been  developed  including  both  components  for  point  to  point  links  (transmitter,  receiver,  connec- 
..ors  ...)  and  data  distribution  devices  (3dB  splitter,  electrically  tapped  connector,  mechanical  multiple 
switch) . 

In  this  paper  we  describe  bidirectional  central  couplers  having  seven  input/output  ter- 
minals, compatible  with  all  realized  devices. 

Construction  of  two  types  of  central  couplers  is  described  : .issembled  bundle  coupler 
and  separable  bundle  coupler  (with  linear  central  fiber  and  U central  fiber). 

A technique  using  a central  diffuser  allows  a significant  and  reproductible  decrease  of 
the  maximum  variation  of  the  detected  levels  on  the  same  detecting  channel. 


1 - INTRODUCTION 

The  optical  fiber  bundles  with  low  active  diameter  ( < bOOyum)  have  been  retained  for 
operational  links  with  medium  rates  (^40  Mbits/s)  on  short  distances  100  meters). 

The  use  of  several  optical  fibers  transmitting  the  same  signal  achieves  transmission 
security  by  redundancy,  connection  simplicity  related  to  large  mechanical  tolerances  and  the  reliability 
of  electroluminescent  emitters,  adapted  to  the  bundle  size  and  working  with  low  current  densities 
( < 100  A/cm2) . 

A range  of  detachable,  active  and  passive  devices  have  been  developed  ; these  devices 
are  specifically  adapted  for  use  with  optical  fiber  bundles  containing  37  or  19  fibers,  SS.um  in  diameter, 
with  high  numerical  aperture  (0.5)  and  medium  losses  (^  lOOdB/km)  [,1,  2l  . ^ 

The  family  includes  devices  for  point  to  point  links  : 

- Emitter  and  detector  units  including  LED's,  PIN  silicon  photodiodes  and  optical 
couplers  enclosed  with  flange  mounting  (Figure  l.a). 

- Complete  transmitter  and  receiver  modules  with  analogic  on  TTL  compatible 
output/input  (Figure  l.b). 

- Bundle  to  bundle  mixing  connectors  permitting  standardization  of  cable 
terminals  and  reducing  random  coupling  variations  due  to  fiber  breakage  and 
positioning  (Figure  l.c). 

- Multiple  connectors  for  cables  containing  six  optical  fiber  bundles  (Figure  I .d) . 

- Feedback  regulated  emitter  permitting  optoelectronic  feedback  linearization, 
constant  peak  power  emission  or  built  ia  test  functions  (Figure  I.e). 

And  devices  for  data  distribution  : 

- 3dB  passive  splitter  made  with  single  fibers  (Figure  l.f). 

- Electrically  tapped  connector  performing  two  functions  ; bundle  to  bundle  mixing 
connection  and  taking  a fraction  of  the  signal  circulating  in  the  link  and  allowing 
optoelectronic  splitting  with  low  leakage  factors  and  localization  of  faulty 
bundles  (Figure  l.g). 

- Mechanical  multiple  switch  allowing  the  passage  of  the  optical  information  from 
one  bundle  to  any  of  six  bundles  (Figure  l.h). 

To  realize  conversational  links  between  several  terminals  with  optical  fiber  bundles 
(see  Figures  3. a and  2.b),  Tee  and  Star  systems  have  been  examined  and  specific  devices  (Tee  couplers  and 
Star  couplers)  have  been  proposed  [3,  4,  5,  6,  7,  8j 

It  has  been  further  demonstrated  that,  although  requiring  greater  length  of  fiber  bundles, 
the  Star  configuration  is  more  advantageous  than  the  Tee  configuration  concerning  the  optical  power  at- 
tenuation between  two  terminals. 

Indeed,  assuming  that  the  insertion  losses  and  the  connexion  losses  are  negligible  ; in 
a star  system  with  N terminals,  the  theoretical  attenuation  As,  expressed  in  dB,  between  any  two  termi- 
nals is  given  by  ; 

As  - 10  Log  N (1) 

In  a Tec  system,  using  for  example,  identical  couplers  with  a lOdB  coupling  ratio  the 
attenuation  A^  in  the  worst  case  is  given  by  : 

Kj  - 0.46  (N-3)  ♦ 13  (2) 


* This  work  is  supported  by  the  "Direction  dcs  Racherches  et  Moyens  d'Essais". 
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The  curves  in  Figure  2.c  show  clearly  that  the  possible  nunber  of  terminals  for  the 
some  attenuation  between  two  terminals  is  higher  in  the  Star  system  than  in  the  Tee  system  ; this  dif- 
ference is  emphasized  when  the  insertion  losses  and  the  connection  losses  are  introduced  in  the  forsulas 
(1)  and  (2). 

In  the  following,  various  configuration  of  bidirectional  central  couplers  are 

described  : 

- Coupler  with  assembled  bundles. 

- Coupler  with  detachable  bundles  with  linear  central  fiber  and 
U central  fiber. 

These  couplers  are  compatible  with  already  existing  devices. 


I 
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2 - DESCRIPTION  AND  THEORETICAL  CONSIDERATIONS 

2.1  - General 

Figure  3 diagrams  the  principle  of  a bidirectional  multiport  coupler. 

The  coupler  is  constituted  by  a central  optical  fiber  Fg,  on  the  input  face  of  which  are 

assembled  all  the  emitter  bundles  F|,  F2  ...  F^  ; the  assembled  detecting  bundles  F' | , F'2  ...  F'^  being 

issued  from  the  output  face  of  Fg. 

The  optical  information  coming,  for  example,  from’ Che  emitter  E|  and  circulating  in  the 
bundle  F|  is  injected  in  the  central  fibre  Fg  whose  numerical  aperture  is  the  same  as  Chat  of  Che  fibers 
constituting  the  bundles  and  which  core  area  is  at  least  equal  to  Che  area  of  the  central  bundle  consti- 
tuted by  the  assembling  of  Che  bundles  F|,  F2  ...  Fg.  The  length  of  Fg  is  at  least  such  that  Che  opti- 
cal energy  coming  from  any  of  the  bundles  F|,  F2  ...  Fg  covers  all  the  output  face  of  Fg  ; Che  infor- 
mation from  emitter  F|  will  be  then  distributed  to  the  receiver  R|,  R2  ...  Rg  througji  the  bundles  F'|, 

F'2  ...  F'g.  The  same  holds  true  for  the  information  emitted  by  any  of  Che  emitters  F2  ...  Fg. 

2.2  - Central  coupler  configuration 

Two  main  types  of  seven-port  central  couplers  have  been  examined. 

-a-  £oup^e£  wi^h_a^s«i*l^d_bun^l^8 

This  type  of  coupler  is  schematized  on  Figure  4. a.  The  optical  fiber  bundles  coming  from 
Che  emitter  (and  detector)  units  are  assembled  into  a single  ferrule  and  all  the  fibers  of  the  seven 
bundles  are  solidary. 

The  detachable  connections  are  located  at  the  two  extremities  of  the  central  fiber  Fg. 

An  additional  detachable  connector  may  exist  on  each  elementary  bundle. 

-b-  £o^^e£  wi£h_d£t£chabl£  b,und^e£ 

It  seems  desirable  Co  dispose  of  independent  detachable  bundles  on  the  central  coupler 
realized  in  a monoblock  form. 

Two  types  of  coupler  with  detachable  bundles  have  been  examined  (see  Figure  4.b  and 
A.c)  : with  linear  central  fiber  and  U central  fiber. 

The  transition  between  the  detachable  connection  and  the  central  fiber  is  ensured  by 
intermediate  single  fibers,  linear  or  curved  with  two  bends  according  to  the  position  of  the  terminal. 

If  Che  central  fibre  is  U-shaped,  notice  Chat  the  detachable  connections  are  set  in  the  same  plane  (P) 
as  the  interface  between  the  intermediate  single  fibers  and  the  central  fiber  in  Che  plane  (P'). 

The  main  advantages  of  such  a configuration  are  ; 

- Utilization  of  standard  bundles  and  standard  connections. 

- Possible  location  of  the  coupler  on  Che  front  panel  of  monitoring  equipment. 

- The  monoblock  concept  gives  robustness  to  the  device. 

- The  intermediate  single  fibers  are  polished  in  a single  operation. 

- The  components  and  the  CechnoloRy  used  are  simple,  insuring  a low  cost  in  industrial 
production. 

The  bolting  of  the  connections  between  the  bundles  and  the  intermediate  fibers 

can  be  made  ! 

- Independently  as  in  Figure  A.c. 

- Simultaneously  on  the  seven  ports  using  for  instance  classical  bolting  of 
BXiltiport  jlccCrical  connectors  ; the  bundles  being  strand  assembled. 

2.3  - Loss  evaluation 

The  loss  evaluation  below  is  applied  in  the  case  of  couplers  with  detachable 

bundles. 

Let  N be  the  number  of  terminal  and,  expressed  in  dB  (see  Figure  5). 

P^  I LED-monof iber  coupling  loss  in  the  emitter  Unit  (due  to  the  limited 
numerical  aperture  of  the  fiber). 

P-  ; Monof ibcr-bundlc  coupling  loss  (due  to  Che  detachable  connection  and 
Che  filling  factor  of  the  bundle). 
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: Bundlc-incermediate  fiber  coupling  Icis  (due  Co  the  detachable  connection). 

P : Central  f iber-internediate  fiber  coupling  lose  (including  Che  N terminals 
separation) . 

P^  : Loss  due  CO  the  filling  factor  of  Che  inCerswdiaCe  fibers. 

Assuming  an  uniform  distribution  Co  Che  N terminals  it  can  be  written  : 

"k  ■ ’’t  * ** 

Neglecting  the  bundle  lineic  leases,  the  attenuation  A_q,  expressed  in  dB,  between 
the  optical  power  emitted  by  the  LEO  and  the  optical  power  detected  by  Che  photodiode,  is  : 

*ED  • ’’c  ♦ •’e  ♦ ’’d  ♦ •’S  * ^E  * ‘’d 
Ago  - Pc  ♦ 2(Pe  * Pj)  * P,  ♦ 10  Log  N 
11  optical  fibers  with  0.5  nusierical  aperture  are  used  : 

P^  - 10  Log  (^j)^  - 6dB 

The  other  causes  of  losses  are  principaly  [ij  : 

- The  losses  due  to  mechanical  misaligmencs  in  the  detachable  connections  (axial  and 
angular  misaligments,  distance  between  the  optical  faces,  optical  surface  quality, 
perpendicularity  defects,  Fresnel  losses)  combined  are  between  I and  2dB. 

- The  losses  due  to  the  filling  factor  of  the  utilized  bundles  (2  to  3dB)  and  the 
filling  factor  of  the  central  fiber-intermediate  fibers  interface  (1  Co  2dB) . 

Under  these  conditions  A_^,  expressed  in  dB,  is  comprised  between  (IS  * 10  Log  N)  and 
(22  + 10  Log  N).  '• 


2.4  - Problems  of  variation  of  the  detected  levels 

One  of  the  problems  encountered  using  central  couplers  is  Che  variation  of  the  detected 
level  on  the  same  detecting  channel  with  the  different  emitter  ports. 

This  variacion'is  due  Co  the  non-uniformity  of  the  light  distribution  on  the  output 
core  surface  of  the  central  fiber. 

One  can  define  Che  maximum  variation  D as  the  difference,  expressed  is  dB,  between  Che 
maximum  optical  power  P and  Che  minimum  optical  power  P^  detected  on  the  same  detecting  channel  consi- 
dering all  the  emitting  channels  : 

D • 10  Log  |;- 

m 

A technique  to  make  Che  light  distribution  uniform  on  the  central  fiber  output  face, 
while  ensuring  Che  coupler  reproducibility  in  a serie  fabrication,  is  to  introduce  a light  diffuser  in 
the  middle  of  the  central  fiber  (see  Figure  6). 

This  diffuser  rearranges  the  angular  optical  power  distribution  in  the  fiber  and 
favourises  the  power  mixing  , decreasing  the  variation  D.  It  introduces  obviously  some  losses  and  a trade 
off  has  to  be  done  between  the  maximum  variation  0 and  the  extra  losses. 


3 - EXPERIMENTAL  RESULTS 

Ue  have  made  a seven-port  central  coupler  prototype  with  assembled  bundles.  Each  of  the 
input/ouCput  bundles  contains  37  fibers,  giving  a central  bundle  with  259  fibers.  The  diameter  of  Che 
central  bundle  after  packing  in  the  ferrule  is  1.5mm,  The  bundles  assembled  on  each  side  of  the  central 
fiber,  which  length  is  I7.5smi,  are  detachable  and  connected  with  modified  Conhex  connectors. 

The  photograph  of  Figure  7 represents  a coupler  with  assembled  bundles  on  a testing  Bench 
specially  designed  for  the  characterization  of  central  couplers.  The  bundles  coming  from  the  input/outpuc 
faces  of  the  coupler  are  connected  to  seven  emitter  units  and  seven  detector  units  with  modified  submi- 
niaCure  connectors. 

On  Figure  8 is  sumsMkized  the  loss  measurement  and  shown  for  every  channel  the  maxisxim 
variation  in  the  attenuation  between  the  optical  power  emitted  by  the  emittc.  unit  and  the  optical  power 
detected  by  the  detector  unit.  In  the  worst  case,  a 5dB  maximum  range  is  seen  on  channel  2,  due  to  pat- 
terning effects  on  Che  output  face  of  the  central  fiber. 

A randomization  procedure  for  the  arrangement  of  the  fibers  in  the  central  bundle  can 
be  used  in  order  to  reduce  partially  the  magnitude  of  the  variation  ; Nevertheless  it  should  be  note  that 
this  procedure  is  not  reproducible  and  causes  some  breakage  3 . The  average  terminal-to-terminal  atte- 
nuation is  l8dB  including  : 

- The  seven  port  separation  (8.5dB). 
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* The  filling  factor  of  the  input/output  bundles  (2x3dB) . 

~ The  detachable  connections  (3.SdB). 

Two  prototypes  of  central  couplers  with  detachable  bundles  have  been  made  with  a linear 
central  fiber  and  a U^central  fiber. 

The  seven  intermediate  fibers  at  the  two  extremities  of  the  central  fiber  have  a core 
diameter  of  3’33/um  corresponding  to  the  active  diameter  of  37  fiber  bundles.  Among  the  intermediate 
fibers,  one  is  linear  and  six  have  two  bends.  The  seven  fibers  are  introduced  in  an  optical  head  whose 
one  face  contains  the  intermediate  fibers  in  a surface  of  l.9nin  diameter  corresponding  to  the  active 
diameter  of  the  central  fiber  ; the  other  face  of  the  optical  head  includes  seven  independent  connectors 
corresponding  to  the  seven  channels. 

The  filling  factor  of  the  seven  intermediate  fibers  with  regard  to  the  core  diameter 
of  the  central  fiber  corresponds  to  2dB  loss.  In  this  type  of  coupler  the  insertion  loss  P>  is  defined 
as  the  attenuation  between  the  optical  power  coming  into  an  intermediate  input  fiber  and  tAe  optical 
power  detected  at  the  output  of  an  intermediate  fiber. 

The  insertion  loss  includes  : 

' The  seven  port  separation  (B.SdB). 

~ The  filling  factor  of  the  output  optical  head  (a;  2dB) • 

* The  proper  losses  due  to  the  passage  through  the  intermediate  fibers  and  the 
central  fiber  (with  and  without  diffusing  interface). 

In  the  case  of  the  linear  central  fiber,  the  diagrams  of  Figure  9 giv:,  for  every 
detecting  port,  the  maximum  variation  of  the  insertion  loss  w’th  and  without  interposed  diffuser. 

The  total  length  of  the  central  fiber  is  24.6nn  and  the  diffuser  is  characterised  by  a 
diffusion  angle  of  23*  (half  power). 

Under  these  experimental  conditions,  the  greatest  maximum  variation  of  the  insertion  loss 
occurs  on  the  central  port  (number  7)  and  is  equal  to  3.4dB  without  diffuser  and  to  2.7  dB  with  diffuser  ; 
the  average  insertion  loss  is  equal  to  11.3  dB  or  14.3  dB  according  to  the  absence  or  the  presence  of  the 
diffuser.  Similar  results  have  been  obtained  with  various  lengths  of  the  central  fiber. 

An  other  prototype  has  been  realized  with  a U central  fiber.  The  two  optical  headsare 
in  a same  plane  and  are  separated  from  3cm.  The  central  fiber  has  a length  of  8cm  and  a bending  radius 
of  17.3oiii.  ' 

As  in  the  previous  case,  the  diagrams  of  figure  10  give  for  every  detecting  port,  the 
maxinum  variation  of  the  insertion  loss  with  and  without  interposed  diffuser.  The  maximum  variatTon  is 
equal  to  l.9dB  (channel  number  3)  without  central  diffuser  and  to  1.3  dB  (channel  number  3)  with  a 
central  diffuser,  the  average  insertion  loss  passing  from  12.3dB  to  14.3dB.  7e  note  a decreasing  of  the 
maximum  variation  due  to  mixing  effects  in  the  curved  central  fiber  and  then  a lower  relative  efficiency 
of  the  diffuser. 

The  prototype  of  Figure  11  shows  a mounting  possibility  of  a central  coupler  with 
independently  detachable  bundles  and  U central  fiber. 


4 - CONCLUSION 

Various  structures  of  bidirectional  central  couplers  with  seven  ports  for  links  with 
optical  fiber  bundles  have  been  analyzed  and  realized. 

The  working  principle  of  a central  fiber  has  been  verified  for  an  assembled  bundle 
structure  and  a detachable  bundle  structure  with  a linear  central  fiber  and  a U central  fiber. 

In  the  case  of  a linear  central  fiber,  the  utilization  of  a central  diffuser  allows  a 
significant  decrease  of  the  isaximum  variation  in  the  detected  level  of  the  same  output  channel. 

Conventional  technology  allows  an  easy  reproducibility  of  the  central  coupler  with 
detachable  bundles. 
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T - COUPLER  FOR  M11.TIMODE  OPTICAL  FIBERS 
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SU>t<ARY 


The  device  to  be  deacribed  here  allowa  the  derivation  of  a variable  amount  of  the  light  travelling 
in  a multimode  optical  fiber  without  interruption  of  the  tranamiaaion  link.  The  principle  of  thia  optical 
fiber  tap  ia  to  induce  well  controlled  mode  converaion  between  guided  and  radiation  modea  of  the  fiber, 

%fhich  can  then  leak  out  in  a higher-index  aurroundlng  medium  and  reach  a photodetector.  The  mode  converaion 
ia  induced  by  bending  the  fiber  in  a ainuaoldal  way  and  the  derivation  ratio  ia  adjuated  by  varying  the 
amplitude  of  the  ainuaoldal  deformation.  The  reaulta  preaented  here  concern  the  influence  of  the  mechanical 
wavelength  of  the  deformation,  the  radiation  pattern  of  the  power  derivated  from  the  fiber  and  the  influence 
of  the  device  on  the  propagation  characteriatica  of  the  fiber  (far-field  radiation  pattern  and  impulae 
reaponae).  Reaulta  concerning  the  derivation  ratio  achievable  with  thia  device  are  alao  preaented  for  both 
Btep-index  and  graded-index  fibera. 


1.  INTRODUCTION 


Since  the  advent  of  low-loaa  multimode  optical  fibera,  there  ia  a great  Intereat  in  the  reallaatlon 
of  optical  fiber  data  buaea,  eapecially  for  military  applicatlona.  For  thia  purpoae,  it  ia  neceaaary  to  uae 
T - couplera  which  allow  (i)  the  extraction  of  a part  of  the  light  travelling  in  the  optical  link  and/or 
(ii)  the  inaertlon  of  a aignal  into  the  main  opticla  link.  In  the  caae  of  data  buaea  achieved  with  fiber 
bundlea,  many  poaaible  achemea  have  been  propoaed,  but  it  recently  appeared  that  aingle  fiber  data  buaea 
could  alao  be  of  intereat.  It  ia  thua  neceaaary  to  aolve  the  problem  of  the  T - coupler  for  the  aingle 
fiber  case. 


We  reatrict  here  our  intereat  to  the  problem  of  the  optical  fiber  tap,  which  allowa  only  the  ex- 
traction of  a part  of  the  power  travelling  in  a aingle  multimode  optical  fiber.  Some  authora  have  recently 
propoaed  different  aolutiona  tc  thia  problem,  auch  aa  ualng  a tapered  aection  of  fiber  (OZEKI,  T.  and 
KAWASAKI,  B.S.,  1976),  etching  the  cladding  of  the  fiber  (PAN,  J.J.,  1976),  fuaing  two  fibera  to  one  other 
fiber  (FUJITA,  H. , SUZAKl,  Y.  and  TACHIBANA,  A.,  1976),  inaerting  and  fuaing  a micropriam  between  three 
fibera  (SUZUKI,  Y.  and  KASHIWAGI,  H. , 1^76)  or  ualng  the  lateral  dleplacement  of  a fiber  Incident  on  two 
other  fibers  (WITTE,  H.H. , 1976). 


However,  none  of  these  devices  can  be  inserted  without  interrupting  the  tranamiaaion,  in  most  cases 
It  ia  dif ficuH  to  adjust  the  amount  of  power  extracted  from  the  fiber  and  the  coupling  efficiency  ia  often 
very  small. 


On  the  other  hand,  we  have  demonstrated  that  it  is  possible  to  achieve  an  optical  fiber  tap  which 
can  be  inserted  without  interrupting  the  tranamiaaion  and  for  which  the  derivation  ratio  can  be  easily 
adjuated  up  to  -3  dB  with  a very  good  coupling  efficiency  and  small  insertion  loss  (JEUNH0^ME,  L.  and 
POCHOLLE,  J.P. , 1976). 


The  purpoae  of  this  paper  ia  to  further  describe  the  principles  of  thia  coupler,  the  influence  of 
the  important  parameters  and  the  performancea  which  can  be  reached. 


2.  PRINCIPLE  OF  THE  COUPLER 


It  is  well  known  from  the  work  of  MARCUSE,  D.  (1973),  that  Inducing  a periodic  distortion  (for 
example  a periodic  bending)  in  an  optical  fiber  will  couple  pairs  of  modea  with  propagation  constants 
and  auch  that  : 

= (A) 

where  A mechanical  wavelength  of  the  distortion. 

It  should  thua  be  poaaible,  by  suitably  choosing  the  value  of  ^ , to  couple  guided  and  radiation 
modes  together  ; thia  ia  the  basic  idea  which  ia  used  in  our  coupler. 


2.1. 


Theoretical  considerations 


We  consider  here  multimode  fibera  with  a high  number  of  modes.  These  modea  are  characterized  by  two 
indices  ^ and  V which,  respectively,  count*  the  number  of  radial  and  azimuthal  nodes  in  the  field  intensity 
of  that  mode.  Each  mode  has  a propagation  constant  y 

If  we  reatrict  intereat  to  fibers  for  which  the  refractive  index  profile  la  deacribed  by  an 
0(  • power  law  (GLOGE,  D.  and  MARCATILI,  E.A. J. , 1973),  it  can  be  shown  that  the  propagation  constant 
ia  given  by  (OLSHANSKY,  R. , 1975)  t 


A - t I >1 


U) 


48-2 


t. 


where 


le  the  free-space  propagation  constant  of  the  light  x the  refractive  Index  on  fiber  axis  (n^)  ; 


A is  the  relative  Index  difference  between  axis  (n^)  and  cladding  (n2) 
a is  the  radius  of  fiber  core* 


A . ^4-^1 


All  the  guided  modes  have  propagation  constants  such  that 

which  means  also  : 0 < ^ ^ ^ (5^ 

e<*-Z 

For  other  values  of  (2  ^u  +'*'),  we  have  leaky  or  radiation  modes. 

It  has  been  experimentally  observed  that,  when  a fiber  is  sinusoidally  bent,  there  exists  an  addi- 
tional selection  rule  to  relation  (1)  for  coupling  pairs  of  modes  (STEWART,  W.J.,  1975),  which  expresses 
that  coupling  occurs  from  a mode  ( ^ , V ) to  a mode  ( ^ , V + 1)  only. 

Ue  are  thus  able  to  compute  the  difference  in  propagation  constants  of  the  modes  which  can  be 
coupled  together  through  a periodic  distortion  of  the  fiber  axis.  For  two  particular  cases  of  practical 
interest,  we  obtain  : j/,  , 

for  the  parabolic  index  fiber  ( o(  ■ 2). 


‘f., --  (■'r*”)) 


for  the  step  index  fiber.  ((0< 


It  can  thus  be  seen  that  for  parabolic  index  fibers,  either  all  the  modes  are  coupled  together  if 
the  mechanical  wavelength  of  the  distortion  verifyes  relations  (I)  and  (4),  or  they  are  uncoupled. 

For  step-index  fibers,  by  considering  the  minimum  and  the  maximum  value  of  (2/U  4 V ) given  by  (3), 


it  appears  that  Ap  varies  in  the  range  : 

-4_  ^ A6< 

Q*li.  ^ 


/T 


(0 


If  the  mechanical  wavelength  A of  the  distortion  Is  such  that 

no  coupling  occurs 


A ^ a>k. 


A—  / iiE  ( * + 1/5 


a'k. 


JL.^  13 

A ' i»?k4  0. 


coupling  occurs  only  between  some  particular  guided  modes 


coupling  occurs  between  some  3uided,  leaky  and  radiation  modes. 


It  appears  thus  clearly  that,  for  coupling  a payr  of  the  guided  light  to  radiation  modes,  in  a 
step-index  fiber.  It  Is  necessary  that  A verifyes  this  last  inequality.  It  appears  also  that.  If  the  dis- 
tortion of  the  fiber  is  purely  sinusoidal  on  an  infinite  length,  only  a few  particular  guided  modes  will 
be  coupled  to  radiation  modes.  This  would,  of  course,  limit  the  Interest  of  such  a coupler.  In  practical 
cases,  however,  the  induced  distortion  of  the  fiber  will  occur  only  on  a finite  length  and  this  fact  allows 
all  the  modes  to  be  coupled  together  and  to  radiation  modes  : let  us  take  ^ as  the  mechanical  wavelength 
and  2 1 as  the  length  of  distortion,  then  the  mechanical  spectrum  of  the  distortion  is  : 


Ap)f 


Thus,  all  the  modes  which  have  Ap  in  the  range  %^re  this  spectrum  is  not  **00  small  will  be  coupled 
together,  and  shorter  the  deformation,  wider  the  range  of  coupled  modes. 

Ue  can  now  define  the  way  in  which  such  a coupler  should  be  built. 

2.2.  Definition  of  the  coupler 

The  simplest  way  to  achieve  a quasi  sinusoidal  deformation  of  fiber  axis  is  to  press  it  between  two 
gratings,  with  the  convenient  mechanical  wavelength  and  sufficiently  deep  to  allow  strong  deformation  of  the 
fiber,  as  shown  on  figure  1.  The  displacement  of  the  upper  grating  can  be  controlled  through  a precise  trans- 
lation stage. 

For  the  experiments  to  be  described  here,  we  dispose  after  the  gratings  a glass  hemisphere  of  higher 
refractive  Index  than  the  cladding  and  a mirror  plate,  between  which  the  fiber  passes.  Immersed  in  an  index 
matching  oil.  This  device  allows  the  light  transferred  to  radiation  modes  by  the  gratings  to  leak  out  and 
to  reach  a photodetector.  In  the  definitive  coupler  both  functions,  deformation  and  index  matching  b.iould  be 
combined  in  order  to  get  a better  efficiency. 
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The  fiber  used  In  the  experiments  is  a step  index  CGW  fiber  with  the  following  characteristics  : 
n^  » 1.46,  a • 42.5  ^um,  A « 6 x 10  ^ 

From  relation  ^6)  we  obtain  : 


<'  nm  ^ for  V » 0.633  .urn 

ACi,  " 4. >2  ! 


jfr  i hi-  nm*^  for  'k  . 0.82  .um 

which  are  the  wavelengths  %diich  will  be  used  in  the  experiments. 

For  efficiently  coupling  light  from  many  guided  modes  to  radiation  modes,  we  shall  thus  use  a 
grating  with  a mechanical  wavelength  slightly  higher  than  1.72  mm  and  a finite  length  such  that  the  mecha- 
nical  spectrum  extends  above  1.72  rm.  On  the  other  hand  It  is  clear  that  decreasing  the  length  of  the 
gratings  will  decrease  the  amount  of  power  that  can  be  coupled  out  from  a particular  mode,  and  we  have  thus 
to  find  a trade  off  between  both  effects. 

It  should  be  noticed  that  the  upper  limit  of  Ap  is  nearly  independent  of  the  light  wavelength 
(since  * in  multimode  fibers)  and  thus  the  optimum  value  of  the  mechanical  wavelength  is 

also  nearly  independent  of  the  light  wavelength. 

3.  FXPERIMEWTAL  RESULTS 

The  first  point  to  be  examined  is  the  optimum  mechanical  wavelength  of  the  gratings. 

3. 1.  Influence  of  the  mechanical  wavelength 

The  light  source  used  in  this  experiment  is  a He«Ne  laser  weakly  focused  onto  the  input  plane  of 
the  two  meter  long  fiber.  This  ensures  that  only  low-order  modes  are  launched  (the  far  field  radiation 
pattern  after  two  meters  of  fiber  hau  a base  line  semi  angle  of -S'*  compared  to  9*  for  the  maximum  guiding 
angle  of  the  fiber)  and  thus  the  conditions  are  particularly  difficult  because  we  need  a wide  mechanical 
spectrum. 

We  use  two  sets  of  gratings  pairs,  mechanically  manufactured  on  circular  perspex  plates.  The  first 
set  has  a mechanical  wavelength  of  1.4  mm  and  the  second  one  of  2 nvn,  the  diameter  of  the  plates  is  42  nm 

and  the  depth  of  the  gratings  is  1 tran  and  1.4  mm  respectively.  The  angle  between  the  fiber  eucls  and  the 

grooves  of  the  gratings,  in  the  horizontal  plane,  is  varied  through  a precise  rotation  stage  so  that  the 
effective  mechanical  wavelength  of  the  induced  distortion  can  be  varied  from  1.4  mm  to  2.8  iren  for  the  first 
set  and  2 nm  to  4 nm  for  the  second  set.  It  should  be  noticed  that  varying  the  mechanical  wavelength  in  this 
way  let  the  distortion  length  fixed,  so  that  the  mechanical  spectrum  bandwidth  is  constant. 

We  measure  the  total  transmitted  power  P»  at  port  2,  as  a function  of  the  rotation  angle,  with  a 
constant  amplitude  of  deformation  of  the  fiber.  This  experiment  has  been  carried  out  with  three  different 
amplitudes  of  deformation  (weak,  medium  and  strong)  and  the  curves  ^2^^ 2 ^^2  * transmitted  power  without 
deformation)  as  a function  of  the  mechanical  wavelength  are  shown  on  figure  2. 

It  can  be  observed  that  : 

(i)  increasing  the  deformation  Increases  the  insertion  loss  (or  equivalently  decreases  P^/P^) 

(ii)  there  exists  an  optimxim  for  the  mechanical  wavelength  which  varies  from  2 mm  to  2.6  mm  when  the  ampli- 
tude of  the  deformation  decreases. 

These  values  are  in  good  agreement  with  the  theorlcal  predictions  of  section  2.2.. 

In  order  to  have  a more  complete  insight  into  the  influence  of  the  mechanical  wavelength,  we  have 
also  made  detailed  Investigations  of  ee  a function  of  the  dlsplac  ment  d of  the  grating  (or  amplitude 

of  the  deformation)  for  several  mechanical  wavelengths  in  the  range  1.8  to  2.6  iran. 

The  results  are  presented  on  figure  3 where  it  is  seen  that  : 

(i)  for  strong  deformations,  the  optimum  mechanical  wavelength  is  2 mm 

(ii)  when  the  amplitude  of  the  deformation  decreases,  the  optimum  mechanical  wavelength  becomes  higher. 

These  observations  confirm  the  preliminary  constations  made  on  figure  2,  and  in  the  subsequent  expe- 
rlfsents,  we  will  use  the  2 mm  wavelength. 

We  can  also  conclude  from  this  experiment  that  this  wavelength  and  length  of  gratings  combination 
allows  even  the  low  order  modes  to  be  coupled  to  radiation  inodes. 

Similar  measurements  made  with  an  L.E.D.  butt  Joined  to  the  fiber  Instead  of  the  He-Ne  laser,  and 
using  a cladding  mode  stripper  at  the  input  show  that  2 run  is  also  the  optimum  mechanical  wavelength  under 
these  conditions  (light  wavelength  0.82  yum  and  all  modes  excitation). 
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3. 2«  Influence  of  the  length  of  the  grating* 

For  this  experiment,  we  use  the  same  experimental  arrangement  as  In  section  1 with  little  changes  : 
For  the  launching  conditions,  in  addition  to  the  low  order  modes  excitation,  we  use  also  an  all  modes  exci- 
tation by  pressing  the  first  20  cm  of  fiber  between  elastomer  and  sandpaper  ; under  these  conditions  the 
far-field  radiation  pattern  has  a base-line  semi-angle  of  about  12*» 

Two  sets  of  gratings  are  used  : the  first  one  has  a mechanical  wavelength  of  2 mm  and  a length  of 
42  mm  and  the  second  one  has  the  same  mechanical  wavelength  but  a length  of  10  mm,  in  order  to  widen  the 
mechanical  spectrum. 

Figure  4 shows  the  curves  ^th  launching  conditions  and  both  grating  lengths. 

Results  indicate  that  this  change  has  little  effect  on  the  maximum  extinction  ratio  achievable  and 
confirm  the  fact  that  the  broadening  of  the  spectrum  is  compensated  by  the  smaller  coupling  strength. 

3.3.  Radiation  pattern  of  the  derlvated  light 

In  f rder  to  design  the  best  shape  for  the  higher  index  surrounding  medium,  for  focusing  the  deriva- 
ted  light  onto  a photodetector,  we  look  now  to  the  radiation  pattern  of  the  derlvated  light. 

For  this  purpose,  we  use  the  He-Ne  laser  with  the  low  order  modes  excitation,  a 2 meters  length  of 
fiber  and  the  gratings  with  2 mm  wavelength  and  42  mm  length.  After  the  gratings,  the  fiber  passes  between 
two  glass  hemlspherac  bf  Index  1.486  and  diameter  35  mm,  with  an  index  matching  paste. 

The  fiber  is  black  painted  on  Its  total  length,  excepted  a small  element,  2 im  in  length,  which  is 
carefully  positioned  at  the  center  of  the  sphere,  so  that  rays  are  emitted  only  from  this  point  and  are  not 
deviated  at  the  glass-air  Interface. 

The  far-fleld  Is  then  scanned  by  a photodetector  moving  on  a 160  mm  radius  circle  centered  on  the 
emitting  element,  with  an  angular  resolution  of  0.2*. 

Figure  5 shows  a photograph  of  this  far-field,  where  it  is  seen  that  there  is  a circular  symetry 
in  the  emission  (the  black  points  correspond  to  the  plane  where  the  hemispheres  are  not  exactly  contacting). 

Figure  6 represents  the  corresponding  far-field  which  shows  a strong  directivity,  as  all  the  light 
Is  emitted  between  11.9*  and  14.8*,  the  angle  corresponding  to  the  peak  beelng  12.6*. 

These  results  will  enable  us  to  design  a convenient  higher  index  medium  for  refocusing  this  light 
onto  a photodetector. 

However,  this  has  not  been  done  yet  and  the  other  exp>erinients  reported  here  are  always  carried  out 
with  the  glass  hemisphere  and  the  mirror  plate. 

3.4.  Influence  on  the  propagation  characteristics  of  the  fiber 

The  next  point  to  be  examined  is  how  the  insertion  of  such  a coupler  in  a transmission  link  will 
affect  Its  transmission  characteristics. 

We  look  first  at  the  modification  of  the  far-fleld  radiation  pattern  (or  power  distribution  among 
the  modes)  of  a fiber,  when  the  coupler  Is  Inserted. 

Figure  7 shows  the  far  fields  at  the  output  of  a 2 meter  long  fiber,  with  low  order  modes  excitation 
(He-Ne)  and  with  all  modes  excitation  (L.E.D.  with  a cladding  mode  stripper)  : comparisons  are  made  between 
the  far-fleld  without  distortion  and  with  the  maximum  distortion  Induced  through  the  2 rtsn/42  mm  gratings. 

It  is  observed  that  the  far-field  Is  strongly  broadened  when  a low  order  modes  excitation  Is  used, 
and  much  less  with  the  all  modes  excitation.  In  fact,  the  resulting  far-fleld  with  the  distortion  are  simi- 
lar and  Include  both  some  leaky  modes. 

As  it  is  generally  observed  that  leaky  modes  disappear  after  a few  meters  of  fiber,  we  can  conclude 
that  Introducing  this  coupler  in  a practical  system  with  L.E.D.  excitation,  will  not  strongly  affect  the 
transmission  characteristics  of  the  link  since  the  power  distribution  among  the  modes  is  not  significantly 
altered  by  the  introduction  of  the  coupler.  For  the  same  reason,  each  coupler  in  a link  with  several  couplers 
will  be  Independent  of  the  other  ones,  and  thus  introducing  or  removing  one  coupler  in  the  link  will  affect 
very  slightly  the  performances  of  the  system. 

In  order  to  conflnn  these  observations,  we  now  look  at  the  pulse  spreading  in  a 1.2  km  long  step 
Index  fiber,  with  a small  amount  of  mode  coupling,  excited  by  a Ga  As  laser.  The  pulses  are  detected  by  a 
high  speed  avalanche  photodiode  and  observed  on  a sampling  oscilloscope  ; the  measured  FWHH  of  the  output 
pulse  of  a 2 meter  long  fiber  (response  of  the  measurement  system)  beelng  300  ps. 

We  use  two  different  launching  conditions,  either  a low  order  modes  excitation  by  Just  focusing  the 
laser  beam  onto  the  Input  plane  of  the  fiber  or  an  all  modes  excitation  by  pressing  the  first  20  cm  of  fiber 
between  ssndpaper  and  elastomer.  The  2 mm/42  mm  gratings  and  the  glass  hemisphere  are  disposed  1 meter  after 
the  Input  eno  of  the  fiber.  Figure  8 (a)  shows  the  output  pulse  with  the  low  order  modes  excitation  and  no 
deformation,  and  the  FWHM  is  13  ns. Figure  8 (b)  shows  the  output  pulse  with  the  same  launching  conditions 
and  the  maximum  deformation  of  the  fiber,  and  the  FWHM  Is  Increased  to  18.5  ns.  Figuree  8 (c)  and  8 (d)  show 
the  output  pulses  with  the  all  modes  excitation  and  no  deformation  or  the  maximum  deformation  respectively  ! 
the  FWHH  changes  from  17  ns  to  19  ns. 
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We  can  deduce  from  theae  measurementa  that  the  frequency  response  of  a link  with  an  L.E.D.  excitation 
(all  inodes)  will  not  be  aftected  by  the  presence  of  couplers,  but  that  with  a Ga  As  laser,  there  might  be 
an  alteration  of  the  frequency  response  when  introducing  the  first  coupler.  It  Is  also  likely  that  Intro- 
ducing  more  and  more  couplers  in  a link  will  increase  the  apparent  mode  coupling  coefficient  of  th^  fiber 
and  thus  increase  the  bandwidth  once  a sufficient  number  of  couplers  are  used. 

3. 3.  Performances  of  the  coupler 

Having  determined  all  the  Important  features  which  concern  the  action  of  this  coupler,  we  have  now 
to  look  at  the  coupling  efficiency.  For  this  purpose,  we  have  made  several  experiments  : we  use  the  ? mm/ 

42  nvn  gratings  followed  by  a glass  hemisphere  and  a mirror  plate.  A large  area  photodetector  is  disposed  at 
port  3,  In  order  to  measure  the  amount  of  derivated  power.  It  should  be  noticed  that  this  arrangement  is  not 
optimised,  because  the  gratings  and  the  glass  hemisphere  are  separated  by  several  centimeters  alon'*  which 
the  fiber  radiates  a significant  amount  of  the  light  coupled  to  radiation  modes. 

The  first  measurement  is  carried  out  with  a 2 meter  long  step  index  fiber  excited  by  the  He  Ne  laser 
with  or  without  the  sandpaper.  Figure  9 shows  the  transmitted  power  derivated  power 

p3/(Pj  + Pp  as  a function  of  the  amplitude  of  the  deformation  d for  Both  low  order  and  all  modes  excitations 

Several  observations  are  made  : 

(i)  with  the  low  order  modes  exci’ation,  it  is  possible  to  extract  up  to  70  7.  of  the  po%rer  travelling 
in  the  fiber,  while  this  value  is  only  53  7.  wHh  the  all  modes  excitation.  The  corresponding  values  of  the 
transmitted  power  are  7 7.  and  25  7.  respectively,  about  20  7.  of  the  total  power  being  lost. 

(ii)  a -10  dB  coupler  can  oe  achieved  with  an  insertion  loss  of  1.1  dB  for  the  low  order  modes  excita- 
tion and  of  0.55  dB  for  the  all  modes  excitation,  vrhile  the  theoretical  limit  of  the  insertion  loss  is 
0.46  dB  for  a -10  dB  coupler. 

(ill)  an  equal  power  coupler  can  be  achieved  with  40  7.  or  42  7.  of  the  total  power,  at  each  port,  for  the 
low  order  and  the  all  modes  excitation,  respectively. 

The  efficiency  of  this  coupler  is  thus  very  good,  and  the  amount  of  derivation  can  be  varied  in  a 
great  ra  ^e  without  important  losses. 

Another  experiment  has  been  carried  out,  using  a 2 meter  long  graded  index  CGW  fiber,  with  the  same 
coupler  and  a low  order  modes  excitation.  The  results  are  presented  on  figure  10  and  show  that  the  -10  dB 
coupler  is  achieved  with  an  insertion  loss  of  0.55  dB  and  an  equal  power  coupler  with  42  7.  of  the  total 
power,  at  each  port.  These  results  are  very  similar  to  those  obtained  with  a step  index  fiber  and  Indicate 
that  such  a coupler  can  also  be  used  with  graded  index  fibers. 

In  order  to  get  an  evaluation  of  the  directivity  of  this  coupler,  we  return  to  the  step  index  fiber 
and  launch  the  light  through  port  2,  towards  port  1.  With  the  maximum  deformation  applied  to  the  fiber,  the 
ratio  of  the  power  detected  at  port  3 to  the  power  launched  at  port  2 is  -24  dB,  showing  that  the  power  de- 
tected at  port  3 is  only  function  of  the  power  propagating  from  port  1 towards  port  2. 

In  that  sense,  this  coupler  has  a strong  directivity  but  it  should  be  noticed  that  in  practical 
systems,  the  power  pro,}agating  in  both  directions  are  similarly  affected  by  the  presence  of  the  grating, 
an  important  length  of  fiber  allowing  the  leaky  and  radiation  modes  to  disappear.  The  directivity  is  bidlrec- 
tlonnal  because  it  is  clear  ..hat  a higher  index  medium  can  be  disposed  on  both  sides  of  the  grating. 

4.  CONCLUSION 


We  have  examined  here  the  optimisation  and  the  performances  of  a coupler  based  on  deformations  in- 
duced in  the  fiber. 

An  optimum  mechanical  wavelength,  independent  of  the  light  wavelength  and  of  the  launching  conditions 
has  been  found  and  it  has  been  seen  that  the  length  of  the  deformation  has  little  effect  in  the  range  1 to 
5 cm. 


The  light  emitted  by  the  fiber  at  the  tap  can  be  easily  focused  onto  a photodetector  and  a defini- 
tive coupler  can  be  molded  in  clear  epoxy  resin  in  order  to  enhance  the  efficiency  of  the  device. 

The  influence  of  the  coupler  on  the  transmission  characteristics  of  a practical  L.E.D.  step  index 
fiber  system  is  negligible  and  successive  couplers  will  be  independent  one  from  the  others.  The  performances 
(derivation  ratio,  insertion  loss)  of  the  coupler  are  very  good  and  will  probably  improve  in  the  definitive 
version  of  the  coupler. 

This  work  is  carried  out  with  the  financial  assistance  of  Delegation  Generale  a la  Recherche 
Sclentlfique  et  Technique. 
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Figure  f)  : 

t Riidi«tton  pattern  of  the  derivated  light,  emitted  from  one  point  of 
the  fiber 
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Figur**  7 : Far  field  radiation  pattern  at  the  output  of  the  fiber  with  different 
light  sources  and  different  deformations. 
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Figure  H : (Xjt^Hjt  pulse  nf  a 1.2  km  long  step  index  fiber  with  a C.a  As  laser 
Ca)  low  order  modi  s,  no  deformation  ; (b)  low  order  modeSi  strung 
deformation  ; (c)  all  modes,  no  deformation  ; fd)  all  nK>dea,  strong 
deformation.  (Vertical  scales  are  different) 
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SUMMARY 

We  report  on  the  concept  of  a single  fiber  data  bus-system  in  T-structure  based 
on  a new  access  coupler  which  is  easy  to  fabricate  and  has  a low  insertion  loss.  We  also 
calculate  the  maximum  possible  number  of  terminals  that  can  be  supplied  with  an  optimized 
system. 

1 . INTRODUCTION 

Fiber  optics  technology  offers  much  promise  for  data  communication  systems. 
Advantages  of  optical  fibers  over  conventional  transmission  lines  are  lack  of  electro- 
maonetic  interference  and  ground  loop  problems,  high  bandwidth  as  well  as  flexibility, 
small  size  and  weight.  Special  requirements  of  military  data  transmission  lines  are  often 
small  volume  and  weight,  flexibility  and  electromagnetic  isolation  of  the  terminals. 

Lately  the  concept  of  the  data  bus  system,  where  many  spatially  distributed  terminals  are 
served  with  the  same  multiplexed  signal,  has  become  very  important.  The  two  principal 
approaches  to  optical  data  bus  systems  are  the  Star-  and  the  T-system  using  fiber  bundles 
containing  a large  number  of  fibers  for  data  transmission  (Andrews,  R.A.  et  al.,  1973; 
Hudson,  U.C.  et  al.,  1974;  Taylor,  H.F.  et  al.,  1975;  Milton,  A.F.  et  al.,  1976).  Such 
fiber  bundles  require  great  fiber  lengths  and  are  rather  stiff.  In  addition,  screunbler 
rods  (mixers)  are  needed  as  part  of  the  coupler.  The  coupling  losses  at  the  interface 
bunale-mixer  rod  and  also  in  the  fiber  bundle  connectors  are  very  high.  In  the  star  system 
only  a single  mixer  is  necessary,  so  that  the  associated  loss  is  by  far  not  as  high  as  in 
the  T-system,  where  each  of  the  terminals  requires  mixers  and  where  all  insertion  losses 
add  up  along  the  transmission  line  for  the  worst  case  signal  path.  Another  practically 
unsolved  problem  is  the  fabrication  of  connectors  (splices)  which  ensure  the  alignment  of 
the  individual  fibers  of  the  fiber  bundle. 

We  propose  a data  bus  T-system  with  a single  multimode  fiber  as  a transmission 
line.  Such  a system  does  not  require  mixers  and  there  are  also  low-loss  connectors  avail- 
able. Fig.  1 shows  an  unidirectional  data  bus  T-system  (a  second  identical  system  would  be 
necessary  for  the  opposite  signal  direction) . We  also  describe  a new  coupler  suitable  for 
single-fiber  data  bus  systems.  This  access  coupler  has  comparatively  low  insertion  loss 
and  is  very  easy  to  fabricate.  Fig.  2 shows  a schematic  drawing  of  our  new  access  coupler. 
In  the  access  coupler  fibers  1 and  2 of  the  main  transmission  line  are  butt  joined  with  a 
small  lateral  off-set.  Light  can  be  coupled  out  or  in  at  the  butt  joint  via  the  curved 
waveguides  3'  and  4',  respectively.  The  insertion  loss  and  the  out  (in)  coupling  efficien- 
cies depend,  of  course,  on  the  lateral  off-set  of  the  main  fibers  as  well  as  on  the  thick- 
ness of  the  fiber  cladding. 

With  a fiber  of  100  pm  o.d.  and  5 pm  cladding  thickness  we  have  actually  measured 
an  insertion  loss  of  about  25  % to  30  » (1-1,5  dB)  with  a lateral  off-set  of  15  pm  to 
20  pm  which  is  within  a few  percent  of  the  theoretical  value  (Witte,  H.-H.,  1976).  Typical 
fractions  of  the  power  coupled  out  for  this  range  of  lateral  off-set  were  of  the  order  of 
several  percent. 

The  fabrication  of  our  coupler  is  very  simple,  it  is  based  on  a thick-film  planar 
technology  using  a standard  photolithographic  process  (Auracher,  F.,  1976).  Fig.  3 briefly 
shows  the  fabrication  steps.  A sheet  of  light  sensitive  material  of  about  the  thickness  of 
the  fiber  is  l€uninated  onto  a fused  quartz  substrate;  then  it  is  exposed  through  a suit- 
able mask  and  developed  thereafter.  Thus  we  obtain  in  a single  photolithographic  step  the 
alignment  grooves  of  the  fibers  as  well  as  the  plastic  waveguides.  Moreover,  the  planar 
process  assures  the  required  reproducible  tight  alignment  tolerances.  Fig.  4 shows  a fabri- 
cated device  (in  this  particular  device  no  in-coupling  waveguide  4'  was  provided). 

In  order  to  find  out  the  limitations  of  a data  bus  system  based  on  our  access 
coupler  we  have  calculated  the  number  of  terminals  N for  different  values  of  light  power 
coupled  into  the  fit>er  and  for  different  sensitivity  limits  of  photo-detectors.  We  give 
the  results  for  the  case  of  an  optimized  data-bua  system  where  the  coupling  factors  of  the 
T-couplers  vary  along  the  main  trunk  line  and  for  comparison,  also  for  a T-bus  system  con- 
sisting of  identical  T-couplers.  If  the  mode  spectra  of  fibers  1 and  4 and  waveguides  3' 
and  4*  (see  Fig.  2)  are  identical,  then  the  efficiencies  for  coupling  out  and  coupling  in 
are  identical,  too,  because  of  reciprocity.  Assuming  that  waveguides  3'  and  4*  have  a 
thickness  equal  to  the  core  diameter  plus  one  cladding  thickness  and  that  they  have  a 
single  curved  boundary  which  is  perpendicular  to  the  substrate  surface  we  find  for  the 
transmission  from  waveguide  1 to  waveguide  2 in  t 
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fl»2  arccos  f.^Z  T^)  , with  £.  being  the  lateral  off-set  of  the  main  fibers  1 and  2 and  Ti 
the  core  radius.  Similarly,  we  find  for  the  transmission  from  waveguide  1 to  3 ' in  % 
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^“2  arccos^t- w/rc)and  W = , with  S being  the  thicknMs  oj  the  cladding  (ate  Fig.  2). 

In  Fig.  5 we  show  a^  an  example  the  calculated  values  of  , and  the  total  loss  L 

defined  by  L « 1-(  T,j  + T,j"  ) for  T,.  = 45  ^irn  as  a function  of  £ . The  total  transmission 
from  waveguide  1 to  3 is  lower  than  the  above  calculated  value  for  T,y  , due  to 
absorption,  radiation  and  scattering  losses  in  the  curved  plastic  waveguide  3'  (see  Fig. 2). 
We  have  also  calculated  the  radiation  losses  for  our  curved  single  boundary  waveguide  and 
found  that  they  should  lie  below  0,5  dB  if  ( W.;/  /^j<0.006,  where  is  the  effective  width 

of  the  curved  waveguide  3'  given  by  V/ift  = R- (l?-w)  cos  , with  R being  the  radius  of  cur- 
vature and  y the  maximum  ray  angle  with  respect  to  the  fiber  axis.  There  are  also  addi- 
tional losses  at  the  butt  joint  between  the  fibers  and  the  plastic  waveguides.  We  take 
these  additional  J^osses  into  account  by  subtracting  a value  of  1.6  dB  from  the  transmission 
in  dB  »10  Ig  Tty  , i.e.  « 7i»’-  1.6  dB.  Neglecting  the  transmission  losses  of  the 

fiber  itself  (the  fiber  lengths  in  data  bus  systems  are  usually  small  and  one  can  use 
low-loss  fibers  in  single  fiber  data-bus  systems)  we  can  calculate  now  the  optimized 
parameters  for  the  data  bus  system  shown  in  Fig.  1.  For  ease  of  calculation  we  introduce 
the  following  normalized  variables: 

Pi  : source-power  level  coupled  into  fiber  in  dBm 
Rk,,:  minimum  required  power  level  at  detector  in  dBm 
P*'*:  power  level  in  main  line  between  coupler  (n-1)  and  n in  dBm 
[j  : power  level  delivered  to  detector  n in  dBm 

T'»>  pr»«i)  pf„) 

't  < - r , which  includes  twice  the  connector 

loss  /.,  = 0.2  dB  each,  i.e.  Tr^z'r-iL 
ifft  ^ If,  r $ which  includes  again  twice  the  connector 

I -r<n)  -T-fn)  -V  . 

loss  Zj-  0.2  dB,  I.e.  -Zu 

Starting  with  the  last  element  in  the  direction  of  the  signal  flow  we  require  (Fig.  1) 

Pp"  » . We  firtd  from  Fig.  1 
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Cioing  back  from  the  last  element  we  find  with  the  above  definitions 
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(2) 


Requiring  again  that  the  n^^  detector  also  obtains  at  least 
lying  to  the  left  of  the  n*^^  element,  we  find  from  Fig.  1 
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^■ft  for  all  signal  sources 
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From  (2)  and  (3)  we  obtain 
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Replacing  n by  (n+1)  in  (3)  we  can  rewrite  (4) 
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With  the  aid  of  the  equation  (3)  and  (1)  t)^e  initial  value  /»«»  follows. 

Thus  we  can  successively  determine  from  (5)  T,'Z',  -7^"'  • Having  calculated  Tt'  as  a 
function  of  TJZi  for  our  element  we  can  determine  and  T^'  uniquely.  As  we  move  to  the 

left  in  Fig.  1 we  find  ever  smaller  values  for  Jl'Zl  . This  means  the  required  off-set  of 
the  main  fibers  becomes  smalle^^  for^^^^ecreaslng  n and  consequently  the  transmission  of 

the  coupler  higher.  Because  T,"' “ T,Zt  implies  also  ever  smaller  values  for  , I.e. 

an  ever  smaller  part  of  the  source  power  R is  coupled  into  the  main  lire  for  decreasing 
n.  The  above  shown  recursive  calculation  (eq.  5)  can  therefore  only  be  continued  until  the 
pwer  ^yel  Pi  +T.«'  coupled  into  the  main  line  from  the  n^^  source  becomes  smaller  than 
r"’+  Tt“  coining  from  the  left.  From  this  point  on  we  have  to  replace  (3)  by 
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, ( I increases, ^t|i,en  fgr  I decreasing  n.  One  can  then  show  that  I = 'oot 

and,  consequently,  also  7^  = X"*  i.e.  all  elements^^c^re  symmetric  with  respect  to  the 

above  mentioned  point.  In  order  to  limit  variations  of  7««f  due  to  manufacturing  tolerances 
in  £ to  reasonable  values  (we  can  guarantee  a reproducible  off-set  to  within  * 1 pm  at 
best),  we  restricted  the  excited  width  of  the  curved  plastic  waveguide  to  W>^  pm. 

A typical  result  of  our  calculations  is  shown  in  Fig.  6 assuming  '''"t  = 4 5 pm  and 
a cladding  thic)cness  (T  of  5 pm.  The  figure  shows  the  required  off-set  £ as  a function 
of  the  terminal-address  number  n for  various  combinations  of  input  power  and  detector 
sensitivity.  To  obtain  the  maximum  possible  number  of  terminals  that  can  be  supplied  in 
the  data  bus  system  one  has  to  add  1 to  the  highest  address  number  in  Fig.  6 for  the 
particular  input  power  chosen.  One  can  see  that  £ varies  rapidly  for  the  first  and  last 
few  elements  in  the  data-bus  system  whereas  it  is  limited  to  9 pm  (W=4  pm)  for  all 
terminals  that  lie  about  halfway  along  the  main  transmission  line.  It  is  only  necessary 
to  optimize  the  first  and  last  3-5  couplers,  all  the  other  couplers  can  be  made  identical 
without  decreasing  the  maximum  number  of  terminals  considerably.  This  is  very  important 
because  one  of  the  main  advantages  of  a data-bus  system  in  T-structure,  namely  the  ease 
with  which  an  existing  T-system  can  be  expanded,  depends  heavily  on  the  use  of  many  iden- 
tical couplers. 

In  Fig.  7 we  show  the  maximum  number  of  terminals  as  a function  of  the  available 
difference  in  power  level  between  source  and  detector,  , for  three  different 

thicitnesses  o of  the  cladding  for  an  optimized  system  (full  lines)  . For  comparison 
we  also  show  in  Fig.  7 the  maximum  number  of  terminals  for  the  same  parameters  when  only 
identical  couplers  are  used  exclusively  (dashed  lines) . One  can  see  the  considerable 
increase  in  the  number  of  terminals  in  the  case  of  the  optimized  system  as  compared  to  a 
system  with  identical  T-couplers. 


We  have  shown  that  with  an  optimized  T-bus  system  based  on  a new  planar  coupler 
and  a single  multimode  fiber  for  each  signal  direction  one  can  supply  a reasonable  number 
of  terminals.  Moreover,  one  could  install  several  such  systems  in  parallel  increasing  the 
number  of  terminals  and  the  safety  against  failure  due  to  a cable  fracture,  especially 
when  the  individual  cables  are  guided  along  different  cable  ducts  and  are  only  combined 
at  the  terminals. 


This  wor)t  has  been  supported  under  the  Technological  Program  of  the  Federal  Department 
of  Research  and  Technology  of  the  FRG.  The  authors  alone  are  responsible  for  the  contents. 
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Fig.  1 


Unidirectional  data  bus  T-systero. 


Fig.  2 Schematic  of  the  n^  coupling  element. 

Let  connector  loss;  £;  lateral  off-set  of  the  main  trunk  fibers  1 and  2; 
S > thickness  of  the  fiber  cladding;  Wyi;  t effective  width  of  the  single 
boundary-curved  waveguide  3*. 
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Fig.  3 Processing  steps  for  fabricating  the  structures  in  the  light  sensitive  material. 
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Fig.  4 SEM  picture  of  the  tapping  element  with  two  main  trunk  fibers,  and  curved 

single-boundary  plastic  waveguide  between  <.he  butt  joint  of  the  main  fibers 
and  the  output  fiber. 
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Transmissions  7^  ,.ty  from  fiber  1 to  fiber  2,  waveguide  3',  respectively, 
versus  lateral  off-ss"^  ^ fot  * fiber  with  an  outer  diameter  of  100  jun  and  a 
cladding  thickness  of  5 ^ni.  ZT  : total  losi’  of  the  coupler  at  the  butt  joint. 


ADDRESS  NUMBER  OF  TERMINAL 


Required  off-set  £ for  the  couplers  in  an  optlmiced  data  T-bus  system  as  a 
function  of  the  address  number  n and  for  various  power  level  differences 
. Assumed  thickness  of  fiber  cladding  O • S >im. 


Assumed  thickness  of  fiber  cladding 
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Fig.  7 Maximum  number  of  terminals  as  a function  of  the  difference  between  the^ource 
Dpwer  level  coupled  Into  the  fiber  and  the  detector  sensitivity  limit  Pi  - 
nL.a  for  three  different  thicknesses  of  the  cladding. 

Pull  llnesi  for  optimized  system. 

[>ashed  lines s for  a system  with  Identical  T-couplers. 
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SUMMARY 


As  a result  of  a study  on  the  potential  of  optical  fibre  multi-terminal  data  systems  for 
avionics,  a design  approach  has  been  chosen  which  is  expected  to  be  a suitable  basis  for  a wide  range 
of  applications.  This  is  a time  division  multiplexing  system,  which  has  features  of  being  highly  immune 
to  problems  of  optical  loss  and  multipath  effects  in  optical  highways  having  redundant  paths,  and  of 
avoiding  the  need  for  any  master  terminal.  This  system  approach  is  taylored  to  characteristics  of 
optical  fibres,  and  should  lead  to  good  integrity  and  ruggedness. 

A breadboard  model  of  a terminal  has  been  demonstrated,  and  the  construction  of  functional 
iDodels  is  currently  underway. 

1.  INTRODUCTION 

It  is  becoming  widely  accepted  that  optical  fibre  data  transmission  will  find  applications  in 
avionics  because  of  its  electrical  isolation,  wide  bandwidth  and  immunity  to  crosstalk  and  RFI.  The 
principle  has  already  been  proved  and  advantages  demonstrated  for  avionics  applications  in  point-to- 
point  links,  much  of  this  preliminary  work  having  been  carried  out  with  fibre  bundles.  (Belcher,  G. , 
Marshall,  D.,  1975)  (Biard,  J.R.,  1975). 

There  are  even  more  potential  advantages  for  multi-terminal  optical  highway  or  data  bus 
systems,  since  the  problems  for  a corresponding  electrical  system  would  be  greater  than  for  point-to- 
point  links.  (Altman,  D.E. , 1975). 

A study  on  optical  fibre  multi-terminal  systems  for  avionic  applications  is  currently  under- 
way at  STL  (Farrington,  J.G.,  Chown,  M. , Dalgoutte,  D.G.  1976),  and  is  supported  by  DRASA  (MoD) . One  aim 
of  the  study  is  to  produce  an  initial  demonstration  (functional  model)  of  a system  based  on  principles 
which  may  be  expected  to  have  wide  avionic  applications.  This  paper  describes  design  principles  of  the 
demonstration  system  which  is  currently  under  construction. 

The  extreme  complexity  and  variety  of  avionic  data  links  is  making  it  necessary  for  the 
industry  to  undertake  long-term  rationalization  programmes.  These  should  help  clarify  and  perhaps 
standardize  requirements  for  data  bus  systems  (electrical  or  optical).  In  the  meantime,  there  is  no  clear 
choice  of  requirement  specifications  against  which  a demonstration  optical  bus  system  should  be  designed. 
Whereas  there  are  immediate  applications  for  optical  point-ro-point  links  to  replace  existing  electrical 
links,  there  is  currently  little  use  of  electrical  highways  in  avionics,  so  there  are  no  itranediate 
requirements  for  replacing  wire  systems  by  multi-terminal  optical  systems. 

In  the  longer  term,  there  appears  to  be  definite  and  widespread  applications  for  optical 
highways.  For  example,  telemetry,  display  systems,  or  stores  management  could  be  suitable  choices  for 
first  applications.  The  Flight  Control  system  is  an  example  which  would  have  to  wait  until  the  high 
integrity  and  reliability  of  fibre  systems  had  been  thoroughly  proved  in  practice. 

The  key  optical  components  - tee  pieces,  star  couplers,  etc  - are  at  an  early  stage  of 
development,  so  a system  cannot  be  fully  optimized  in  terms  of  these  components. 

While  it  is  thus  too  early  to  attempt  to  optimize  a multi-terminal  system  for  any  particular 
application,  it  is  nevertheless  vital  to  start  experimental  work  on  multi-terminal  systems  at  this  stage. 
This  will  ensure  that  the  possibilities  of  the  new  technology  are  included  in  the  long-term  data 
management  plans.  Otherwise,  a framework  set  up  on  the  basis  of  conventional  technology,  with  fibre 
systems  designed  to  fit  in  at  a later  stage,  would  fail  to  make  full  use  of  the  potential. 

The  other  reason  for  undertaking  imnediate  experimental  work  is  to  help  direct  the  development 
of  key  optical  components  such  as  tee  pieces  and  star  couplers.  In  addition  to  using  fibre  systems  to 
meet  conventional  requirements  more  efficiently,  there  must  be  new  opportunities  which  would  not  be 
considered  for  electrical  systems.  Direct  optical  sensoring,  without  electrical  interfaces,  is  a possible 
example. 


The  system  approach  to  be  described  in  which  any  number  of  terminals  up  to  a given  maximum  (ten 
in  our  example)  with  no  requirement  for  a master  terminal,  and  with  great  flexibility  for  the  system 
designer  to  arrange  redundancy,  self-checking  etc.,  is  likely  to  be  widely  applicable.  (It  can  even  be 
used  for  point-to-point  tests,  simply  by  connecting  any  two  terminals).  No  clear  preferred  optical 
highway  configuration  emerged,  and  so  Initial  experimental  systems  should  allow  this  to  be  flexible. 

The  system  is  designed  to  be  compatible  not  only  with  a "star"  configuration  optical  harness 
which  is  well  behaved  from  the  point  of  view  of  the  terminals,  but  with  almost  any  complex  highway 
configuration  which  may  have  advantages  of  considerable  redundancy  and  be  adaptable  to  constraints  on 
layout,  maintenance  etc.  Such  complex  highways  may  be  prone  to  optical  echo  pulses  and  other  problems 
outlined  in  Section  7 below. 

It  is  important  to  emphasise  that  the  terminal  design  outlined  here  is  considerably  more  complex 
than  is  envisaged  in  a typical  system.  The  reason  is  that  this  is  an  experimental  system,  not  an 
optimized  communication  link  for  a particular  application,  and  many  of  the  facilities  can  be  implemented 
or  switched  out  at  will,  in  order  to  gain  experience. 
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2.  GENERAL  MULTI-TERMINAL  DESIGN 


The  choice  of  multiplexing  technique  depends  on  the  capabilities  and  limitations  of  the 
transmission  medium,  and  on  the  use  that  is  to  be  made  of  the  entire  system.  For  an  optical  fibre 
several  alternatives  exist  and  several  possible  solutions  are  listed  below: 

1.  Time  division  multiplexing,  TDM,  where  each  transmitter  in  turn  has  sole  use  of  the  optical 
highway. 

2.  Frequency  division  multiplexing,  FDM,  where  each  transmitter  uses  an  optical  source,  amplitude 
modulated  at  a different  frequency.  This  carrier  can  be  amplitude  or  frequency  modulated  with 
information.  The  total  received  signal  is  filtered  electrically. 

Pulse  frequency  modulation  is  a version  of  FDM  where  a train  of  short  pulses  is  used  instead  of  the 
carrier  signal. 

3.  Colour  multiplexing  - each  transmitter  uses  a different  wavelength  source,  and  filters  at  the 
photodiodes  separate  the  signals. 

These  solutions  fall  into  two  broad  groups:  a)  those  that  are  most  suitable  for  replacing 
point-to-point  links,  because  they  require  duplication  of  receiving  and  decoding  equipment  to  receive 
from  more  than  one  other  terminal  and  b)  those  suited  to  random  data  interchange  between  the  terminals. 

The  former  group  includes  all  systems  except  TDM  as  it  will  always  be  necessary  to  use 
duplicated  receiving  equipment  if  at  any  one  time  more  than  one  transmitter  can  be  sending  to  the  same 
terminal.  Of  these  systems  FDM  would  appear  to  be  most  suitable  for  development  using  existing 
components.  The  technology  of  FDM  is  well  developed  for  other  fields,  e.g.  telecomnunications,  and 
systems  can  be  made  small  and  reliable. 

The  wide  bandwidths  offered  by  the  optical  fibre  would  make  them  particularly  suitable  for 
this  type  of  approach.  The  independence  of  the  data  paths  would  nuke  this  an  ideal  solution  to  problems 
requiring  the  replacement  of  many  point-to-point  links  between  existing  equipment.  It  should  be 
possible  to  produce  very  small,  simple  terminals  for  this  system  as  very  little  circuitry  is  needed. 

Where  data  transfer  is  required  between  any  pair  of  terminals  the  most  suitable  choice  would 
seem  to  be  a TDM  system  with  only  a single  transmitter  active  at  any  one  time.  A single  receiver  will 
then  be  able  to  receive  messages  from  all  other  terminals.  To  select  destinations,  an  address  can  be 
included  in  the  message,  and  the  receiver  itself  can  decide  whether  to  accept  or  reject  the  message  that 
follows. 

It  was  decided  that  the  latter  approach  was  most  suitable  for  development  and  so  the  TDM  system 
will  now  be  discussed  in  more  detail. 

3.  THE  TDM  SYSTEM 

3.1  Synchronisation. 

For  a TDM  system  where  only  one  transmitter  is  allowed  to  send  information  at  any  one  time,  the 
timing  arrangements  are  of  crucial  importance.  The  most  straightforward  timing  arrangement  is  to  use  a 
master  terminal,  where  a single  master  unit  has  responsibility  for  absolute  timing,  and  sends  whatever 
information  is  needed  to  the  other  terminals  to  maintain  the  synchronisation  of  the  system.  In  the 
extreme,  the  master  terminal  can  make  all  decisions  about  timing  and  send  a short  message  to  each  terminal 
in  turn  to  start  its  transmission.  This  approach  can  give  a very  flexible  system,  where  time  can  be 
allocated  by  the  master  terminal  in  a way  that  varies  with  the  amount  of  information  needing  transfer, 
and  this  leads  to  very  efficient  use  of  the  data  bus.  Unfortunately  this  arrangement  gives  a single 
vulnerable  point  in  the  master  terminal  where  damage  or  a fault  can  disrupt  the  whole  system.  This 
situation  ran  be  improved  by  having  several  terminals,  ready  to  take  over  from  the  master  if  it  should 
fail.  This  needs  a system  of  priorities  to  define  which  terminal  will  take  over  first,  and  involves  many 
problems  in  deciding  whether  the  first  unit  has  failed  or  not.  To  avoid  this  situation  it  is  preferable 
that  there  should  be  no  master  terminal,  and  to  achieve  this  each  terminal  must  do  its  own  timing  and 
some  means  must  be  found  to  keep  all  the  terminals  in  synchronism.  One  possible  means  of  achieving 
this  is  described  in  Section  k of  this  paper. 

One  consequence  of  this  is  that  the  data  transmission  capacity  of  the  terminals  must  be 
predetermined,  and  cannot  easily  be  changed  to  meet  different  network  loadings.  This  approach  is 
acceptable  for  a fibre  optic  network  as  the  high  bandwidth  available  means  that  excess  data  capacity  can 
be  made  available  at  low  cost. 

3.2  Coding. 

The  choice  of  coding  in  an  optical  system  can  considerably  effect  the  rest  of  the  design.  For 
example  the  choice  of  a PPM  code  would  enable  a low  duty  cycle  optical  source  to  be  used,  or  a code  with 
no  low  frequency  content  allows  an  AC  coupled  receiver.  Because  of  the  rapid  changes  of  signal  level 
expected  at  a receiver,  it  is  desirable  that  the  chosen  code  should  allow  fast  AGC  to  be  applied.  Another 
requirements  is  that  the  data  clock  can  be  easily  extracted  from  the  data,  preferably  without  the  use  of 
a phase  locked  loop.  This  is  necessary  because  each  received  message  will  be  at  a different  phase  due  to 
the  different  path  lengths  involved.  A short  preamble  con  be  included  on  each  message  to  allow  the  receiver 
decoder  to  settle  down,  but  if  this  is  too  long  then  the  system  becomes  very  inefficient. 

The  most  appropriate  code  would  seem  to  be  bi-phase  (Manchester)  (see  Fig.  1)  as  this  offers 
several  advantages.  There  is  a data  transition  at  the  centre  of  every  clock  interval  which  makes  clock 
extraction  easy.  It  only  being  necessary  to  time  from  one  cycle  to  the  next  with  a delay  element  such  as 
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a Donostable.  The  bi-phaae  code  is  also  arranged  to  have  very  little  low  frequency  content,  whatever  the 
data  being  sent.  This  occurs  because  the  code  has  a constant  average  value  for  ones  and  noughts.  This 
allows  fast  AGC  and  AC  coupled  receivers  to  be  used. 

This  code  is  most  ideally  suited  to  bipolar  appoications  where  differential  signalling  is 
employed.  Unfortunately  this  is  not  possible  with  a single  optical  fibre,  and  so  a unipolar  version  must 
be  used.  This  has  the  disadvantage  of  needing  a threshold  shift  if  the  signal  strength  changes,  also 
shown  in  Fig.  1,  and  ways  of  overcoming  this  difficulty  will  be  discussed  in  Section  4. 

4.  THE  ADOPTED  SYSTEM  DESIGN 

4.1  General  Principle. 

A time  division  multiplex  approach  has  been  chosen  where  each  transmitter  in  turn  has  complete 
use  of  the  optical  highway,  for  a burst  period.  See.  Fig.  2.  It  sends  a fixed  length  message  in  that 
period,  complete  with  an  address  code  to  specify  the  terminal  that  is  to  receive  it.  The  transmitters 
send  in  strict  rotation,  and  if  a terminal  is  inoperative,  or  if  no  information  is  available  for  sending, 
then  that  period  is  either  left  empty  or  a dunmy  message  is  sent.  Each  terminal  contains  its  own  clock 
oscillator  and  divider  chain  which  provides  all  the  timing  information  within  the  terminal.  These 
clocks  must  be  kept  approximately  in  step  so  that  the  transmission  periods  do  not  overlap.  This  can  be 
achieved  if  each  transmitted  message  contains  the  address  of  the  sending  terminal.  This  can  be  received 
by  all  other  units  and  used  to  correct  sma'l  timing  errors  that  have  developed.  Special  attention  should 
be  given  to  the  problems  of  synchronisation  from  switch-on  and  to  the  effects  of  a single  faulty  terminal. 

Bi-phase  coding  has  been  adopted  as  this  offers  several  advantages.  With  this  code  there  is 
a data  transition  at  the  centre  of  each  clock  interval,  and  the  direction  of  this  transition  (low  to  high 
or  high  to  low)  defines  whether  a 1 or  0 is  being  sent.  (See  Fig.  1).  The  advantages  of  the  code  are 
described  in  Section  3.2,  but  briefly  it  allows  the  use  of  an  AC  coupled  receiver,  rapid  AGC  and  simple 
clock  extraction  circuitry. 

4.2  Terminal  Design. 

The  block  diagram  of  a terminal  design  that  is  being  developed  is  shown  in  Fig.  3.  It 
consists  of  three  main  sections.  The  receiver,  transmitter  and  timing. 

4.2.1  The  Receiver. 

The  optical  signal  is  detected  by  a photodiode  and  the  signal  is  then  amplified.  For  bi-phase 
signals  the  amplifier  can  be  AC  coupled  and  limiting,  so  reducing  the  amount  of  AGC  necessary  in 
following  circuitry.  This  amplifier  can  be  disabled  during  the  terminals  own  transmission  period  if 
this  is  desirable.  This  received  signal  is  decoded  from  bi-phase  and  then  fed  via  a serial  - parallel 
converter  to  two  comparators.  These  act  as  word  recognition  circuits  and  detect  the  transmitter  address 
and  receiver  address  in  the  message.  These  addresses  are  protected  by  redundancy  so  that  they  are  not 
falsely  decoded  from  data  or  each  other. 

When  a comparator  recognises  the  terminals  o%m  address  in  the  received  message  the  following 
data  is  gated  into  the  terminals  store  for  output  to  the  external  equipment. 

4.2.2  The  Transmitter. 

Data  to  be  transmitted  is  clocked  to  the  transmission  store  by  the  external  equipment.  During 
the  transmission  burst  period,  defined  by  the  timing  circuit,  the  data  is  clocked  out  of  the  store,  and 
transmitted  as  a bi-phase  signal  at  a data  rate  fixed  by  the  terminal  clock.  Before  the  actual  data 
certain  service  data  is  inserted  into  this  message.  This  service  data  consists  of: 

1.  A preamble  to  enable  the  received  decoder  and  AGC  to  settle. 

2.  An  address  code  for  the  transmitting  terminal  for  checking  and  timing  purposes. 

3.  The  address  of  the  terminal,  to  receive  the  message.  This  part  may  be  preset,  or  may  be 
part  of  the  input  data. 

The  optical  transmitter  must  handle  the  30Z  duty  cycle  bi-phase  signal,  and  so  a high  duty 
cycle  source  must  be  used. 

^•2.3  Th**  Timing  Section. 

The  timing  for  the  terminal  is  carried  out  by  a crystal  clock  oscillator  and  divider  chain. 

The  various  waveforms  needed  in  the  terminal  such  as  the  transmission  burst  period  can  be  derived  from 
this  divider  chain  by  simple  gating. 

Every  time  a transmitter  address  is  received  by  the  word  recognition  circuit,  'his  is  compared 
with  the  divider  chain  and  the  difference  used  to  correct  errors  that  may  exist  due  to  signal  delays  or 
clock  oscillator  differences. 

Large  discrepancies  may  occur  at  switch-on  before  all  the  terminals  have  reached  synchronism  or 
if  a terminal  develops  a fault  in  its  timing  system  and  both  of  these  possibilities  should  be  catered  for. 
To  do  this  a type  of  majority  voting  has  been  used.  If  large  errors  arc  consistently  detected  between 
the  internal  clock  and  the  received  transmitter  addresses,  the  teminals  transmitter  is  disabled. 

4.3  Dynamic  Range. 

An  important  parameter  tor  a receiver  in  a system  such  as  this,  is  the  dynamic  range  that  can 


be  tolerated  from  one  message  to  the  next. 


The  received  bi-phase  signal  has  a DC  component  that  is  proportional  to  the  average  received 
power,  and  in  a simple  receiver  this  will  be  removed  by  the  AC  coupling  before  the  signal  is  passed  to 
the  level  detector.  See  Fig.  4.  This  process  will  limit  the  dynamic  range  as  the  recovery  after  a 
large  signal  is  exponential.  The  time  available  for  recovery  is  limited  to  the  intermessage  gap  and  the 
preamble  before  each  message,  and  if  these  are  lengthened  a greater  change  in  message  amplitude  can  be 
tolerated.  For  an  intermessage  gap  of  10  bit  periods,  a dynamic  range  of  greater  than  40  dBs  can  be 
expected. 


The  capacity  to  tolerate  a large  dynamic  range  for  received  messages  would  only  be  needed  for 
certain  optical  harness  configurations.  If  necessary  these  configurations  could  be  avoided  in  practice; 
however,  more  flexible  and  redundant  harnesses  should  be  possible  if  they  are  allowed. 

4.4  Data  Input  and  Output. 

Data  for  transmission  is  supplied  from  external  equipment  and  stored  in  a buffer  store  until 
the  transmission  burst  period.  Only  if  there  is  a complete  message  in  the  store  is  the  transmission 
made.  For  synchronisation  purposes,  however,  it  is  still  necessary  to  send  the  service  data,  perhaps 
with  a dunny  receiver  address.  The  true  data  section  of  the  message  can  be  left  blank. 

The  receiver  address  to  which  data  is  to  be  sent  may  be  preset  or  may  be  taken  as  the  first 
word  of  the  input  data.  This  would  allow  the  external  equipment  to  select  the  destination  of  the  message. 

Received  data  may  also  be  stored  in  a buffer  store  to  allow  the  external  equipment  to  take 
the  information  whenever  it  is  ready.  Unfortunately  the  terminal  has  no  control  over  when  data  is  going 
to  be  received  and  so  no  action  can  be  taken  to  prevent  store  overflow.  For  this  reason  it  may  be 
preferable  to  output  received  data  as  it  arrives. 

4.5  Fault  Protection. 

The  multi-terminal  system  as  described  is  very  flexible,  and  various  self  checking  features  could 
be  built  into  the  terminals.  The  timing  section  as  described  in  Section  4.2.3  ensures  that  a terminal 
with  a faulty  clock  divider  will  shut  do%m  its  own  transmitter  as  it  will  continually  find  large  errors 
between  its  own  clock  and  the  other  terminals.  This  is  probably  the  most  serious  type  of  fault  that 
could  occur  as  it  might  result  in  transmission  at  incorrect  intervals,  so  corrupting  other  terminals 
data. 


Another  form  of  protection  is  the  maximum  transmission  time  limit.  The  period  chat  the  trans- 
mitter is  active  for  should  never  exceed  a certain  limit.  This  can  be  timed  independently,  and  if  the 
limit  is  exceeded  the  transmitter  can  be  shut  down. 

Parity  checking  is  incorporated  into  the  system  by  inserting  one  parity  bit  after  every  16  bits 
of  data.  This  is  checked  by  the  receiver  so  Chat  a message  with  a parity  fault  can  be  rejected. 

Message  confirmation  could  be  incorporated  Co  provide  protection  against  random  errors.  This 
could  take  the  form  of  an  added  service  data  section  in  which  a terminal  can  acknowledge  receipt  of 
messages  in  the  last  frame.  If  receipt  was  not  acknowledged  the  message  could  be  retransmitted  by  the 
sending  terminal.  A suitable  code  for  this  is  suggested  as  a ten  bit  word  (for  ten  terminals  in  the  system). 
All  bits  would  normally  be  zero  with  one  bit  in  the  sequence  to  represent  each  terminal.  This  bit  would 
be  one  to  indicate  that  a parity  correct  message  had  been  received  from  that  terminal  in  the  last  frame. 
Alternatively  this  type  of  message  checking  can  bt*  built  into  the  external  equipment  as  it  may  only  be 
required  over  limited  paths. 

A more  general  checking  system  could  consist  of  a special  purpose  terminal  which  monitors  all 
information  on  the  bus.  By  checking  for  parity  correct  messages,  and  correct  transmitter  sequence,  etc., 
it  should  be  possible  for  the  monitor  to  isolate  faulty  terminals.  The  monitor  could  then  be  given  the 
power  to  shut  down  faulty  units.  If  this  was  implemented,  care  would  have  to  be  taken  that  the  overall 
reliability  was  not  reduced  as  faults  in  the  monitor  could  result  in  operating  terminals  being  shut  down. 

4.6  Computer  Simulation. 

To  investigate  the  behaviour  of  the  system  under  various  start  up  and  fault  conditions,  a 
computer  simulation  has  been  developed.  The  simulation  works  on  an  event  stepping  basis,  which  leads 
to  efficient  use  of  computer  time.  The  simulation  program  allows  the  systems  behaviour  to  be  predicted 
starting  from  any  set  of  initial  conditions.  It  is  hoped  that  by  careful  choice  of  initial  conditions, 
worst  case  situations  can  be  found. 

A simple  system  model  has  been  assumed  initially  with  sufficient  flexibility  for  the  simulation 
of  areas  of  interest  to  be  expanded  in  more  detail  in  the  future.  For  example,  the  initial  system 
assumes  a simple  uni-directional  ring  harness,  with  uniform  attenuation  properties. 

5.  TRADE-OFFS  IN  DATA  FORMAT  PARAMETERS 

Consider  the  data  format  described  above  and  shown  in  Fig.  2.  The  peak  blt_rate,  B^,  which  is 
required  to  be  carried  by  the  optical  fibre  depends  primarily  on  the  mean  data  rate,  B,  per  terminal,  and 
on  the  maximum  number  of  terminals  to  be  accomnodated,  M.  Ideally,  B ■ MB,  but  in  practice  B will  be 
higher  because  there  arc  periods  where  useful  data  cannot  be  sent.  T^ese  consist  of  the  interSurst  gap 
periods,  and  the  periods  where  service  data  is  being  sent. 

A further  increase  in  B^  will  occur  when  redundancy  is  built  into  the  message,  but  this  is 


coiiidered  to  depend  on  the  user  and  will  not  be  considered  here. 


The  significance  of  these  periods  ie  clearly  reduced  as  the  message  length  in  each  burst  is 
increased,  but  this  requires  increased  data  storage  capacity,  and  increases  the  update  period  for  each 
terminal. 


These  trade-offs  will  be  considered  in  broad  outline  here.  Define: 

To  interburst  gap  period  which  depends  on  maximum  fibre  length 

n number  of  bits  of  service  data  per  burst  period 

N number  of  message  data  per  burst  period 

T frame  period  ■ update  period  for  each  terminal 

Then,  considering  the  uniform  data  output  of  any  one  terminal: 

T - N/^  ...(1) 

Alternatively,  by  susming  the  elements  of  a frame: 

' m m ' 

Eliminating  T,  we  have 

...(3) 

parameters  is  shown  in  Fig.  5. 

128,  n “ 52,  B ■ 100  kbit/s,  M ■ 10  and  To  - 8 us. 

Equation  (3)  leads  to 

B - 1.A06  X 1.071  BM 

n 

- 1.50  BM 


B 

a 
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BM 
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A plot  of  this  function  for  some  typical 
For  the  experimental  isodel,  we  chose  N - 


- 1.50  Mbit/s. 

The  factor  of  1.071  occurs  because  To  is  much  larger  than  it  need  be  in  an  optimized  system. 

For  exasq>le,  in  order  to  tolerate  an  optical  delay  in  200  metres  of  fibre  the  gap  period  need  only  be  1 us. 
and  the  factor  on  the  RHS  of  Eqn  (3)  would  only  be  1.004.  Except  for  much  larger  systems  than  this,  or 
when  the  burst  length  N is  reduced,  this  factor  can  be  neglected  and  Eqn.  (3)  approximated  by 


BM  " 

This  represents  simply  the  ratio  of  total  to  useful  message  data. 

The  frame  period  T is  also  the  update  period  for  each  terminal,  and  represents  a message  delay 
between  any  two  terminals.  In  the  experimental  model,  T - 1.28  ms  from  Eqn.  (1).  This  can  be  reduced 
if  a lower  value  of  N is  chosen,_aC  the  expense  of  requiring  a higher  peak  bit  rate  B^.  A reasonable 
alternative  design  for  M«10  and  B • 100  kbit/s  would  be  n ■ 32,  N ■ 16,  To  * 1 us,  which  leads  to  a frame 
period  of  T ■ 160  us  and  peak  bit  rate  of  3.2  MB  - 3.2  Mbit/s. 

6,  ELECTRO-OPTIC  COMPONENTS 

Several  types  of  photodetectors  and  optical  sources  are  available  which  are  suitable  for  this 
application,  and  the  chief  advantages  and  disadvantages  of  some  of  these  will  be  discussed  here. 

6.1  Sources. 

The  requirement  for  duty  cycles  of  up  to  50Z  to  transmit  bi-phase  signals  means  that  only  a 
device  capable  of  continuous  operation  is  really  suitable.  These  fall  into  two  nujor  groups:  light 
emitting  diodes  snd  CW  double  heterostructure  lasers. 

These  in  general  show  isarked  differences  in  optical  power  outputs  when  small  core  low  loss 
transmission  fibies  are  used.  It  is  normally  the  case  that  the  greater  launched  power  the  higher  the  loss 
that  can  be  accepted  in  the  optical  highway,  and  so  in  general  higher  powers  are  preferable. 

As  well  as  the  power  output  differences  between  the  LED  and  the  lasers,  there  are  important 
differences  in  driving  techniques.  The  laser  has  s current  threshold,  below  which  it  only  emits  a low 
level  of  spontaneously  generated  light.  Above  threshold  the  incremental  efficiency  can  be  very  high  and 
feedback  is  normally  needed  to  stabilise  the  operating  point. 

CV  stripe  geometry  lasers  can  be  damaged  by  excess  light  levels,  and  this  means  that  the  peak 
light  output  isust  be  closely  controlled,  even  under  transient  conditions,  such  as  switch-on.  This  increase 
in  complexity  needs  to  be  treded  against  the  improved  performance  offered  by  these  devices. 
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6.2  Detectors. 

There  are  t%io  main  classes  of  solid  state  photodetector  currently  available:  the  PIN  photodiode 
and  the  avalanche  photodiode.  The  avalanche  device  utilises  internal  multiplication  to  give  low  noise 
amplification  and  this  should  lead  to  a significantly  more  sensitive  receiver.  Unfortunately  avalanche 
devices  require  accurate  control  of  bias  voltages  for  stable  operation,  and  this  would  probably  lead  to 
the  need  for  some  type  of  feedback  bias  circuit  especially  for  wide  temperature  range  operation.  Again 
this  increase  in  circuit  complexity  must  be  traded  against  the  ioiproved  perfo?nnance. 

7.  THE  OPTICAL  HIGHWAY 

7.1  Optical  Highway  Configuration. 

The  multiple  access  fibre  optical  data  highway  considered  here  is  an  optical  interconnection 
network  in  which  an  optical  signal  injected  to  any  access  point  appears  at  all  other  access  points. 

Therefore,  no  optical  switching  is  necessary. 

Two  well  known  configurations  for  such  a highway  are  the  star  or  ring  systems,  illustrated 
respectively  in  Figs.  6 and  7.  The  relative  merits  of  these  are  well  documented  (Hudson,  M.C. , Thiel, F.L. 

1974).  Briefly,  the  star  system  has  the  advantages  to  the  system  designer  of  low  optical  loss,  freedom 
from  echo  pulses  and  can  easily  be  designed  to  give  loss  and  delay  which  is  the  same  for  all  pairs  of 
terminals.  The  restrictions  on  configuration,  and  the  vulnerability  to  the  star  component  itself  are, 
however,  unacceptable  for  some  applications.  The  ring  system  suffers  from  high  and  variable  loss, 
variable  delays  and  echoes,  but  the  configuration  itself  is  sometimes  preferable,  especially  if  access 
points  can  be  added  at  will. 

More  complex  configurations,  which  can  be  thought  of  as  hybrids  between  the  ring  and  the  star 
can  readily  be  conceived  to  avoid  the  very  high  loss  of  ring  systems  or  the  vulnerability  and  inflexibility 
of  the  star  configuration.  (Porter,  D.R. , Reese,  I.R. , 1976). 

A hypothetical  configuration  is  shown  in  Fig.  2, which  combines  several  concepts  for  illustration. 

It  shows  that  a hybrid  can  consist  of  a ring  of  star  subgroups  or  the  reverse,  and  it  also  shows  how  two* 
or  three*way  fibre  mixers,  can  be  used  as  couplers  for  ring  configuration.  The  use  of  extra  optical 
paths  is  illustrated  vdiich  provides  redundancy  and  greatly  reduces  the  loss  between  the  most  distant 
terminals.  There  are  considerable  opportunities  for  tailoring  the  configuration  to  meet  constraints  on 
layout,  installation  and  redundancy  to  suit  the  particular  requirements  but  only  if  the  terminals  are 
well  able  to  tolerate  a wide  range  of  optical  loss,  delay  and  echo  pulses.  These  considerations  have 
guided  the  terminal  design  described  above. 

Flexible,  redundant  highway  configurations  of  this  sort  can  clearly  be  developed  round  either 
access  couplers  (tee  pieces)  or  star  couplers  (which  may  be  of  the  transmission  type).  While  it  will 
naturally  be  desirable  to  have  a wide  range  of  components  to  choose  from,  one  of  the  most  useful  devices 
for  initial  work  for  the  system  described  here  is  a simple  two  or  three*way  transmission  star  mixer. 

7.2  Coupling  Devices. 

Figure  9 shows  an  idealised  three  point  tee^piece  (Y-junction)  used  for  combining  or  dividing 
optical  power.  This  representation  indicates  a wastage  of  optical  power,  and  it  may  be  thought  that  this 
could  be  avoided  by  suitable  design.  Under  conditions  of  a uniform  transmission  fibre  whose  numerical 
aperture  is  always  filled,  however,  such  an  improvement  is  not  available,  and  the  loss  is  fundamental. 

This  is  simple  to  prove  by  considering  optical  sources  of  the  same  brightness  completely  filling  ports 
A and  B.  If  the  loss  indicated  did  not  occur,  the  power  at  C would  be  greater  than  that  at  A,  which 
would  mean  a greater  brightness  at  C than  at  either  A or  B,  contradicting  the  Law  of  Brightness  (a 
corollary  of  the  Second  Law  of  Thermodynamics).  The  device  shown  can  obviously  be  used  as  a divider  or 
combiner,  and  the  foregoing  has  shown  that  ideally  the  transmission  loss  between  A and  C is  the  same  for 
a combiner  as  for  a divider. 

The  four~port  devices  indicated  in  Figs.  10  and  11  are  applicable  for  transmit/receive  access 
points,  and  in  effect  make  use  of  the  otherwise  wasted  power  referred  to  above.  Mixing  devices  (Fig. 12) 
can  either  be  used  as  star  couplers  (e.g.  in  Fig.  6)  or  can  replace  access  couplers  in  bus  or  ring 
configurations. 

A number  of  approaches  to  realising  these  devices  for  single^strand  multimode  fibre  are  being 
pursued.  One  is  to  bring  t«ro  or  more  fibres  in  close  proximity  with  cladding  removed,  and  an  index 
matching  material  applied.  An  alternative  to  removing  the  cladding  is  to  taper  the  fibres  and  place 
together  in  the  presence  of  a high  index  medium.  Either  approach  requires  means  of  supporting  the  fibres, 
and  providing  a low  loss  connection  to  the  transmission  fibre,  unless  the  transmission  fibre  itself  is 
to  form  part  of  the  coupler. 

Another  approach  is  to  use  planar  optics  techniques,  in  which  planar  waveguides  are  formed  in 
a substrate.  Photolithography  can  be  used  to  define  the  transverse  dimensions.  Many  techniques  are 
being  developed,  including  ion  exchange  in  glasses.  Coupling  between  fibre  and  waveguide  requires  close 
attention. 

Expanded  Beam  Techniques  offer  an  alternative  coupler  approach  to  the  waveguide  approaches 
described  in  the  previous  paragraphs.  Built-on  lenses  or  tapers  at  each  fibre  termination,  designed  to  \ 

expand  and  collimate  the  optical-beam,  are  a possible  means  for  demountable  coupling  between  two  fibres.  I 

The  lateral  alignment  of  the  two  terminations  is  less  critical  than  in  a straight  butt  joint  because  of  \ 

the  larger  diameter  of  the  collimated  beams.  ^ 

If  expanded  beam  terminations  are  available,  they  should  ease  the  task  of  developing  tee-pieces.  ( 


f 
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For  example,  four  collimating  fibre-terminations  could  be  offered  to  a beam-splitting  cube,  with  the 
coupling  ratio  controlled  by  the  reflection  coefficient  of  the  beam-splitter.  In  principle  this  device 
would  be  equivalent  to  the  four  port  of  Fig.  10. 

8.  THE  BREADBOARD  MODEL 

A breadboard  isodel  of  a single  terminal  has  been  constructed,  and  based  on  the  satisfactory 
results  with  this  model,  construction  of  several  functional  models  is  now  underway.  The  model  uses 
TTL  technology  and  the  general  design  is  on  the  lines  described  above,  and  the  basic  parameters  are: 

Number  of  terminals  - 10 

Baud  rate  of  transmission  - 1.5  Mbit/s 

Transmission  data  rate 

per  terminal  * 100  kbit/s 

It  has  been  found  possible  to  demonstrate  the  correct  functioning  of  almost  all  parts  of  the 
circuit  in  spite  of  the  fact  that  only  a single  terminal  is  available.  This  is  because  of  the  basic 
independence  of  the  receiver  and  transmitter  sections  of  the  terminal,  so  the  transmitter  can  be 
optically  connected  to  the  receiver.  By  arranging  for  the  transmitter  to  address  data  to  its  own 
receiver,  the  ::orrect  functioning  of  the  address  recognition  circuits,  parity  checkers,  stores,  etc., 
were  demonstrated. 

In  order  to  demonstrate  the  wide  dynamic  range  of  the  receiver  a separate  experiment  was 
carried  out  in  which  two  simple  bi-phase  optical  transmitters  are  alternated  and  the  combined  signal  fed 
to  a single  receiver.  With  different  attenuations  in  the  paths  from  the  two  transmitters,  large  and 
rapid  changes  in  signal  amplitude  were  simulated. 

These  experiments  do  not  deal  with  the  synchronisation  behaviour  of  the  whole  network,  and  for 
this  the  computer  simulation  is  used.  Results  so  far  indicate  that  rapid  synchronisation  can  be 
expected  from  random  start  conditions. 

9.  CONCLUSIONS 

It  seems  certain  that  future  aircraft  systems  will  make  use  of  multi-terminal  optical  highways. 
To  make  the  best  use  of  the  optical  fibres,  data  bus  systems  should  be  designed  to  take  advantage  of 
the  particular  opportunities  offered,  and  this  will  not  be  the  case  if  networks  are  designed  for 
electrical  and  then  converted  to  optical. 

The  system  described  here  has  proved  to  be  a very  flexible  approach,  easily  modified  to  fit  a 
wide  range  of  applications.  It  should  be  insensitive  to  optical  harness  imperfections,  and  so  should  be 
suitable  for  use  with  a wide  range  of  harness  configurations,  including  hybrid  star/ring  combinations. 

The  system  should  also  be  tolerant  of  limited  fault  conditions  within  the  terminals,  the  remaining 
portion  of  the  network  continuing  to  function. 
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Fig.4  Uiii-polar  signal  AC  coupled  to  comparator 


50-10 


Assumptions 

32  service  data  bits  per  burst  period. 

Total  data  rate  1 Mbit/sec. 

(eg.  lOterminals  at  lOOkbits  per  terminal) 

Peak  bit  rate  os  a function  of  the  number 
of  message  data  bits  per  burst  period, 
for  a 1 Mbit/s  system 

Figure  5 


Terminals  include 
optical  transmitters 


Fig.6  Multi-terminal  optical  data  system  — star 
An  example  of  an  optical  Fibre  highway  configuration. 
Each  optical  transmitter  sends  to  all  terminals  simultaneously. 
In  this  star  configuration  loss  and  delay  may  be  equalized. 


Fig.7  Multiterminal  optical  data  system  — ring 
Each  transmitter  sends  to  ail  terminals  simultaneously,  but  loss  and  delay  between 
pairs  of  terminals  will  vary  considerably.  Also,  multiple  echos  will  be  present. 

Optical  terminals  are  being  designed  to  tolerate  this,  to  reduce  constraints  on  the  highway  design 


Fig.8  A hypothetical  optical  highway  conFigurirtion  to  illustrate  several  concepts  including 
redundancy  and  the  use  of  a range  of  coupling  components 
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The  raquir«Bents  of  fibre  optics  for  ailitary  use  are  reliability,  ease  of  naintenance  and 
speed  of  both  installation  and  repair.  Various  single  and  Multichannel  connectors  and  systeos  for 
cable-cable  and  cable-diode  coupling  can  be  SMde,  and  with  suitable  design  will  withstand  teaperature 
cycling,  huaidity,  vibration  and  shock  to  Military  standards* 

Until  now  fibre  bundle  cables  have  been  terainated  by  epoxy  resin  bonding,  but  this  technique 
has  been  inconvenient  to  apply  in  the  field*  A new  dry  technique  has  now  been  developed  for  hot  foraing 
the  cable  ends  and  details  are  given*  The  new  process  results  in  Junctions  of  higher  optical  efficiency 
and  it  can  be  carried  out  with  only  a few  ainutes*  training  in  the  use  of  the  portable  tools  now  available. 

Butt  Jointed  single  fibre  connectors  have  been  aade  and  have  coupling  losses  in  the  order  of 
3dB*  Work  is  proceeding  on  an  alternative  design  in  which  a Batching  fluid  is  used  to  reduce  losses. 
Further  work  is  needed  to  bring  these  single  fibre  connectors  to  a state  of  developaent  suitable  for 
Military  applications* 

1.  MILITARY  REQUIREMENTS 

In  designing  fibre  optic  coaponents  and  systeas  for  Military  use,  the  main  eaphasis  is  placed 
on  the  following  factors:  (a)  operational  reliability  in  the  intended  function,  (b)  ease  of  Maintenance, 
(c)  speed  of  installation  and  repair* 

1*1  For  operational  reliability,  the  fibre  optic  coaponents  and  systeas  must  meet  the  saae  Mechanical 

and  envi ronaental  test  specifications  as  the  electrical  and  electronic  units  they  replace*  For  exaaple, 
the  diode-cable  asseablies  and  fibre  optic  harness  shown  in  Fig.l,  which  are  fitted  into  the  Boeing  YC  - lA 
STOL  transport  aircraft,  are  capable  of  Meeting  the  aircraft  environmental  test  specification  shown  in 
abridged  fora  in  Table  I* 

The  illustration  shows  the  transaitting  LED  in  its  housing,  with  a Y - Junction  cable  attached. 
This  arrangement  peraits  a single  tiansaitting  diode  to  send  simultaneous  signals  along  separate  paths  to 
two  receivers,  thereby  providing  a system  redundancy  which  is  an  operational  requirement^  a receiving 
diode-cable  assembly  is  shown  on  the  right*  The  main  harness  is  a four  channel  system  of  10ft  length, 
terainated  in  fully  sealed,  bayonet  coupled  quick  release  connectors. 

A seccndary  sheath  has  been  provided  to  give  the  fibre  optic  cables  the  additional  protection 
they  need,  the  Junctions  of  this  with  the  connector  shells  being  protected  by  heat  shrink  boots*  Protective 
caps  are  provided  to  Maintain  the  environmental  sealing  of  the  harness  when  disconnected  from  the  system* 

1.2  Ease  of  Maintenance  results  from  the  use  of  connectors  to  divide  systems  into  modules,  so  that 
every  component  part  is  removable  for  replacement.  Dimensional  standardisation  of  cable  terminations  and 
connectors  is  essential  to  ensure  every  cable-cable  or  cable-diode  interface  gives  an  identical  optical 
perforaence  (see  Fig*2)*  The  exception  occurs  in  "buried"  cable  systeas  where  the  fibre  optic  cables 
theaselvee  are  inaccessible  once  installed*  In  such  cases  it  is  usual  to  provide  redundant  circuits,  and 
various  Junction  units  are  available  for  their  construction,  typically  Y - Junctions  and  star  coupled 
aultiway  Junctions  (Quaraby,  R.B.,  1976)* 

1.3  Speed  of  installation  is  facilitated  by  the  use  of  system  BK>dules  and  quick  release  bayonet 
connectors*  There  are,  however,  other  considerations  which  aust  be  taken  into  account  in  celecting  the 
most  suitable  systea.  For  exaaple,  by  making  the  retwition  features  of  the  termination  ferrules  the 
same  diaensionally  as  those  of  standard  electrical  contacts,  it  is  possible  to  make  use  of  the  same 
plastic  insertion  and  removal  tools,  (see  Fig*3)*  In  the  sane  way  as  soldering  has  been  superseded  as  a 
technique  by  crimping  for  the  termination  of  electrical  cables,  so  now  epoxy  bonding  of  bundle  fibres  into 
ferrules  is  superseded  by  hot  forming*  The  reasons  for  going  to  a new  method  are  much  the  same,  being  the 
abandonment  of  a wet  technique  needing  specific  skills  on  the  part  of  the  operator,  in  favour  of  a dry 
technique  calling  for  no  special  skills,  but  relying  instead  on  factory  produced  portable  tools  and 
components,  (see  Fig*4)*  These  can  also  be  used  to  make  in-field  repairs* 

2.  BUNDLE  FIBRE  SYSTfXS 

Multimode  bundle  fibre  cables  are  the  current  preference  in  military  equipemnt  applications* 

Their  losses  are  not  too  great  for  the  short  distances  which  are  usual,  their  flexibility  makes  them  easy 
to  install  without  risk  of  breakage  and  their  light  weight  makes  them  rugged  in  use*  Because  of  a 
relatively  large  diameter,  they  can  be  coupled  directly  to  light  esdtting  and  detecting  diodes,  and  to 
eecti  other,  with  a high  level  of  efficiency* 
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As  Already  stated,  the  techniques  for  teminating  and  polishing  fibre  bundle  cables  have  until 
now  been  suitable  for  use  in  a factory  or  workshop  environnent  but  inconvenient  to  apply  in  the  field. 

Epoxy  resin  bonding  of  the  cable  ends  into  metal  ferrules  prior  to  polishing  is  a process  requiring 
careful  control  of  resin  mixing  and  application  to  achieve  good  results.  It  is,  moreover,  a lengthy 
process  to  apply  as  time  must  be  allowed  for  the  resin  to  cure  before  the  fibre  ends  are  polished. 

The  use  of  epoxy  processes  during  installation  can  be  avoided  by  procuring  the  exact  lengths  of 
terminated  cable  required  in  advance,  based  on  system  design  calculations.  Maintenance  of  equipment  in  the 
field  has  been  achieved  by  providing  a number  of  finished  cables  for  use  as  spares. 

In  regard  to  repair  in  the  field,  and  if  advance  procurement  of  exact  lengths  is  impossible,  the 
epoxy  resin  bonding  technique  can  be  used,  although  as  a process  it  has  the  drawbacks  which  have  already 
been  stated.  The  new  techniques  described  in  this  paper  are  a significant  improvement  in  this  regard  and 
facilitate  the  use  of  cut-and-fit  techniques  for  the  installation  of  long  runs  of  fibre  optic  cable. 

3.  HOT  FORMING  AND  POLISHING 

The  new  method  of  cable  termination  is  based  on  the  development  of  hot  forming  techniques  for 
securing  the  cable  ends  in  their  ferniles,  prior  to  polishing.  Only  dry  components  are  used,  and  the 
entire  process  of  preparing  and  polishing  a cable  end  is  completed  in  three  to  four  minutes  using  specially 
developed  portable  tools.  Training  in  the  use  of  the  tools  can  be  given  in  only  ten  minutes. 

The  hot  forming  process  requires  the  use  of  a factory  made  composite  ferrule  (see  Fig.5)»  This 

is  assembled  from  three  components:  an  outer  or  driving  ferrule,  the  internal  bore  of  which  tapers 
inwardly  at  its  extremity,  a glass  bead  and  an  inner  ferrule.  The  three  parts  are  pre-assembled  to 
facilitate  the  process  of  threading  it  over  the  fibre  bundle  end  of  a stripped  back  cable.  After  threading, 
the  cable  sheathing  is  retained  in  the  bucket  of  the  inner  ferrule  by  crimping. 

The  hot  forming  tool  is  sho%m  in  Fig. 4 and  is  used  to  seal  the  cable  end  into  the  ferrule.  The 
termination  is  inserted  into  the  tool  and  is  clamped  into  position.  Operation  of  a control  knob  on  the 
side  of  the  tool  releases  an  internal  spring,  which  pushes  a heating  elment  against  the  driving  ferrule. 

The  termination  becomes  heated  by  its  contact  with  the  element  and  the  heat  softens  the  glass  bead,  which 
begins  to  flow  into  the  tapered  portion  of  the  driving  ferrule  under  the  driving  force  of  the  spring.  At 

the  same  time,  the  ends  of  the  cable  begin  to  soften  and  are  deformed  under  the  radial  compression  of  the 

glass  bead,  the  interstices  between  fibres  being  virtually  eliminated.  As  a result,  the  fibres  end  up 
tightly  packed  within  the  ferrule.  Thus  total  peripheral  support  is  provided  for  each  and  every  fibre 
during  the  subsequent  polishing  operation. 

Compared  with  a resin  bonded  termination,  the  resulting  cross  section  has  a much  reduced  dark 
area,  as  shown  in  Fig. 7*  In  a test  of  both  methods  with  a nominally  100  - fibre  cable,  the  insertion  loss 
of  the  connection  was  reduced  from  2.75  to  1.5  dB.  The  degree  of  compression  applied  during  the  hot  forming 
process  depends  upon  the  origi.^l  size  of  the  gap  and  the  size  of  glass  bead.  Various  ferrules  have  been 
designed  to  accommodate  a rar ge  of  cables,  up  to  3«5mm  diameter. 

The  termination  is  finished  off  by  crimping  the  inner  and  outer  ferrules  together,  and  using 
the  second  portable  tool  for  polishing.  The  tool  houses  a geared  electric  motor  which  drives  a polishing 
disc  covered  with  a suitable  grade  of  carborundum  paper.  An  internal  reservoir  holds  fluid  to  wet  the 
disc  during  polishing,  the  laotor  shaft  being  sealed  to  keep  it  out.  A clamp  is  provided  which  holds  the 
ferrule  normal  to  the  plane  of  the  polishing  disc,  but  allows  it  to  be  moved  radially  in  and  out  during 
rotation.  Polishing  a hand  heid  termination  always  leads  to  a domed  end  which  is  inefficient  in  use. 

This  is  avoided  in  the  design  of  this  tool. 

4.  STNG1£  FIBRE  CONNECTGRS 

Light  can  be  transmitted  from  one  single  fibre  to  another  by  the  arrangement  of  a butt-joint 
between  them,  but,  because  of  the  small  sizes  involved  in  connectors  of  this  type,  major  losses  can  occur 
unless  fibre  misalignment,  end  separation  of  fibres  and  angular  misalignment  of  fibres  are  avoided.  The 
connector  components  must  therefore  be  laade  to  a very  high  degree  of  accuracy  and  matching  fluid  is  used 
to  eliminate  the  air  space  between  butting  ends,  wherever  possible. 

A single  fibre  connector  made  in  this  straightforward  way  has  been  developed.  As  with  bundle 
fibre  connectors,  the  essential  factor  in  the  repeatability  of  performance  between  one  connection  and 
another  is  in  the  provision  of  ferrules  and  housings  of  accurately  controlled  dimensions.  Termination 
of  the  cables  in  the  ferrule  is  still  based  on  the  use  of  epoxy  resin  bonding  techniques  and  factory 
polishing  of  ends. 

To  facilitate  cleaning  of  the  polished  ends  prior  to  connection,  the  complete  system  utilizes  two 
plugs  to  interconnect  to  a central  receptacle.  Bach  plug  is  attached  to  an  optical  cable,  and  a retention 
nut  holds  the  ferrule  and  plug  firmly  together.  Only  single  channel  versions  have  been  considered  and  the 
insertion  loss  achievable  is  of  the  order  of  3dB,  without  matching  fluid  to  reduce  Fresnel  reflections. 

Work  is  proceeding  on  an  alternative  design  in  which  a matching  fluid  is  used  to  reduce  losses.  Further 
werk  is  needed  to  bring  these  connectors  to  a state  of  development  suitable  for  military  applications. 
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ABRIDGED  FORM  OF  ENVIROtMENTAL  TEST  SncinCATION 
FOR  BOEING  TO  - 


CONDITION 

REqUIRBCNT 

Taaperature  Range 

-65  to  ♦ 16o“f 

TMperatur#  Shock 

Teapereture  (^P)  cycled  four  hourly 
in  the  following  sequences 

eabient,  +16O,  *0,  +130,  -20,  +130, 

-65,  +130,  0,  1^,  0,  eabient. 

(*power  epplied  30  einutes  before  chenge 
froa  160  to  0) 

Altitude 

8000  ft,  continuous  operation 

50,000  ft,  30  ainute  operation 

Huaidity 

0 - 100)(  R.H. 

Send  end  Dust 

As  MII^STD-8lOB  Method  510 

Vibretion 

As  Test  Envelope  of  Pig.6 

Shock  end  Cresh 

As  HILf-A-6865  a Aaendaent  1 

Abresion 

As  MIb-W-22759  Paragraph  4.7.5.12 

Fibrocon  components  fitted  to  the  Boeing  YC  - 14  STOL  transport  aircraft. 

(a)  Light  emitting  diode  housing  with  Y Junction  Cable. 

(b)  Harness  comprising  FRR  bayonet  coupled  quick  release  connectors,  based  on  Pattern  602 

^EL  2112)  aircraft  types,  and  secondary  sheathing  in  the  form  of  corrugated  plastic  conduit 
for  extra  protection  of  the  fibre  optic  cables  themselves.  Note  caps  which  are  supplied 
to  protect  the  harness  from  the  environment  when  disconnected. 

(c)  Light  receiving  diode  housing  and  cable. 


Fibre  optic  connector  and  cable  modules. 

Back  rovt  Modulator  unit  driving  4 L£0'st  rail  mounted  screw-coupled  optical  connector  with  two 
electrical  rail  mounted  blockS|  demodulator  unit  with  4 Pin  diode  housings. 

Front  rowt  Single  channel  square  flange  connectori  environmentally  sealed  single  channel  snap-ln 

connector!  single  channel  snap-in  connector!  3*way  star  coupled  junction!  diode  housings 


FIG.4  Portable  tool  kit,  showing  froti  left  to  right,  hot  forming  tool,  crimp  tool  for  attaching  outer 
to  inner  ferrule,  polishing  tool  and  crimp  tool  for  attaching  inner  ferrule  to  cable  cladding. 

By  use  of  these  tools  it  is  possible  to  achieve  terminations  of  factory  made  quality  with  portable 
tools  used  by  unskilled  staff  in  the  field. 


I 
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bundle  through  composite  ferrule  prior  to  hot  forming 
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FIBRE  OPTICS  INTERCONNECTION  COMPONENTS 
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P 

SUMMARY 

This  paper  describes  a range  of  single  fibre  demountable  connectors  and  active  devices,  and  compares 
measured  performances  with  theoretical  predictions. 

1.  INTRODUCTION. 

Although  the  original  aim  of  fibre  optics  conmuni cations  has  been  the  establishment  of  cheap  long  haul 
high  bandwidth  links  for  the  telecommunication  industry,  many  of  the  earliest  systems  have  been  for 
military  and  other  short  range  applications,  where  the  main  advantages  accrued  have  been  in  terms  of  low 
weight,  freedom  from  EMI  and  electrical  isolation.  Many  of  these  systems  have  employed  fibre  bundles  as 
the  transmission  media,  due,  perhaps,  to  availability,  and  to  the  relative  ease  with  which  they  can  be 
coupled  to  one  another,  and  to  existing  large  area  sources  and  detectors. 

However,  there  is  growing  interest  in  these  areas  in  the  approach  of  using  a single  fibre  per  information 
channel,  thus  gaining  from  the  expertise  of  the  telecommunications  industry  which  is  already  committed  to 
single  fibre  operation  on  economic  grounds.  In  addition,  the  military  user  can  expect  to  reap  benefits 
from  the  potential  ruggedness  of  well  protected  single  fibres,  together  with  good  theoretical  coupling 
characteristics,  and  the  availability  and  life  of  small  area  sources  and  detectors.  A general  comparison 
of  single  fibre  versus  fibre  bundle  operation  is  beyond  the  scope  of  this  paper,  but  has  been  well 
documented  elsewhere. 

One  key  factor  in  the  acceptance  of  single  fibres  for  military  and  other  non-telecommunications 
applications  has  been  the  development  of  demonstrable  coupling  techniques  between  fibres  and  to  terminal 
devices.  In  these  areas,  requirements  part  company  from  the  telecommunications  field  where  the  emphasis 
has  been  placed  on  extremely  low  loss  permanent  or  semi -permanent  joints  or  splices.  Whilst  the  need  for 
splicing  techniques  does  exist  in  the  military  field  as  a repair  facility,  the  primary  means  of  coupling 
is  likely  to  be  by  means  of  demountable  connectors,  capable  of  being  mated  many  times  by  non-specialist 
personnel,  ofter  under  arduous  environmental  conditions,  with  repeatable  rather  than  the  ultimate 
optical  performance. 

As  the  first  step  towards  this  goal,  ITT  have  developed  a range  of  rugged  demountable  single  and  multiway 
connectors,  and  a compatible  family  of  sources  and  detectors.  The  remainder  of  this  paper  will  describe 
these  devices,  and  compare  experimental  results  with  theoretical  predictions. 

2.  FIBRE  TERMINATION. 

Whilst  direct  alignment  of  bare  fibres  in  a suitable  guide  probably  represents  the  ultimate  solution  in 
terms  of  optical  performance,  being  limited  only  by  intrinsic  fibre  defects  and  Fresnel  reflections,  this 
principle  is  fraught  with  difficulties  when  applied  to  practical  connectors  due  to  the  extreme  fragility 
of  unprotected  fibres.  Admittedly,  such  techniques  have  been  successfully  demonstrated,  particularly  in 
the  telecommunications  field,  where  the  cost  of  skilled  assembly  can  be  offset  by  a saving  in  repeaters 
as  a result  of  the  low  insertion  losses  obtained. 

However,  the  military  requirement  is  for  a more  rugged  device,  often  in  applications  where  a margin  of 
system  performance  exists  and  slightly  higher  insertion  losses  can  be  tolerated.  For  such  cases  it  is 
desirable  to  protect  the  fibre  end  in  a concentric  ferrule,  thereafter  aligning  the  two  ferrules  rather 


than  the  bar^flbres.  Cye  can  be  taken  to  ensure  that  the  exposed  fibre  Is  polished  flush  with  the  end 
of  the  ferrule,  so  that  provided  dirt  Ts  exdi^ded,  the  risk  of  damage  during  mating  is  greatly  reduced. 

/ 

The  price  to  be  paid  for  protecting  the  fibre  in  this  way  is  ip  the  exacting  tolerances  which  have  to  be 
applied  to  the  component  parts  in  order  to  prevent  fibre  misaligrment  raising  the  insertion  loss  to 
unacceptable  levels.  This  has  necessitated  the  development  of^echniques  w^ich  not  o.nly  realfse  the  ^ 
pieceparts  with  the  required  degree  of  accuracy,  but  which  are  suffic^ntly  flexibl^to  accommodate  a 
wide  range  of  fibre  diameters.  This  is  particularly  important  as  there  has  not^yet  been  any  standardisation 
of  fibre  diameters,  although  there  does  appear  to  be  a convergence  towards  the  range  lOO-lfO  urn.  In 
addition  there  are  difficulties  in  achieving  tight  process  control,  and  CVD  fibres  in  particular  often 
exhibit  considerable  diameter  fluctuations. 

Thus  the  ferrule  termination  has  to  be  manufactured  to  a high  order  of  accuracy,  yet  be  versatile  in 
accepting  various  fibre  diameters.  This  goal  has  been  economically  achieved  by  making  the  ferrule  in  two 
parts;  an  accurately  ground  stainless  steel  body,  relatively  expensive,  but  common  to  all  sizes;  and  a 
cheap  watch  jewel  insert,  to  adapt  the  ferrule  to  suit  the  relevant  fibre  size.  This  latter  item  is 
available  with  holes  ranging  from  70  urn  to  in  excess  of  200  urn,  incrementing  by  10  urn  steps,  and  costing 
only  a few  pence,  can  economically  be  held  as  stock  items,  ready  to  be  pressed  into  the  ferrule  bore  as 
requirements  dictate  (figure  1). 

Despite  its  low  cost,  the  jewel  insert  is  manufactured  to  a high  degree  of  accuracy,  and  its  addition  only 
impairs  the  overall  concentricity  by  a maximum  of  1.5  um.  Each  ferrule-jewel  combination  is  permitted  a 
maximum  total  eccentricity  of  5 um,  although  new  techniques  are  being  developed  which  promise  to 
substantially  reduce  this  figure.  In  addition,  the  possible  clearance  caused  by  a worst  case  fibre-jewel 
fit  can  contribute  a further  5 um  eccentricity,  although  in  many  cases  the  fibre  diameter  falls  between 
two  jewel  sizes,  thus  reducing  this  error  also. 

One  particularly  useful  feature  of  the  watch  jewel  is  the  hemispherical  "oil  retaining  recess",  which, 
being  highly  polished,  acts  as  a fibre  guide,  and  enables  the  potentially  difficult  task  of  threading 
the  bared  fibre  to  become  an  almost  trivial  operation,  so  that  even  inexperienced  visitors  usually  become 
adept  at  this  process  with  a few  minutes  practice.  The  actual  fibre  termination  is  accomplished  by  first 
removing  a few  millimetres  of  the  protective  plastic  coating  with  proprietry  wire  strippers,  followed  by 
threading  the  bared  fibre  through  a ferrule  loaded  with  epoxy  resin.  After  curing,  the  protruding  fibre  is 
polished  flush  with  the  ferrule  end  by  a simple  hand  process  and  visually  inspected  for  defects  using  a 
portable  microscope  which  has  been  developed  for  this  purpose. 

3.  FERRULE  ALIGNMENT. 

The  type  of  alignment  guide  currently  used  in  ITT  optical  connectors  is  a precision  cylindrical  bore.  This 
is  attractive  in  its  simplicity  and  reliability,  and  is  relatively  easy  to  manufacture  to  the  required 
tolerances  using  conventional  maching  techniques.  In  addition  it  is  readily  adaptable  to  suit  a variety  of 
connector  configurations.  The  major  disadvantage  of  this  method  of  alignment  is  that  a minimum  clearance 
must  be  maintained  between  the  ferrules  and  the  bore  in  order  to  permit  a sliding  fit,  which,  together  with 
the  inevitable  machining  tolerances  can  lead  to  a further  fibre  eccentricity  of  5 um  maximum.  Other 
alignment  principles  which  substantially  eliminate  this  clearance  are  currently  being  Investigated  as  part 
of  a general  programme  to  Improve  the  overall  connector  performance. 

4.  OPTICAL  PERFORMANCE. 


It  will  be  evident  from  the  previous  discussion  that  fibre  misalignment  in  this  type  of  connector  can  be 
attributed  to  three  major  sources,  each  currently  being  limited  by  tight  manufacturing  control  to  a 


tnaximuni  value  of  about  5 urn.  To  recap,  these  are:- 


a)  Fibre  0/D  - Jewel  I/D  clearance. 

b)  Jewel  I/D  - Ferrule  0/D  eccentricity. 

c)  Ferrule  0/D  - Alignment  bore  I/D  clearance. 

Each  of  the  above  occurs  quite  independently  and  in  both  halves  of  the  connector  so  that  a worst  case 
estimate  of  the  resulting  misalignment  leads  to  a figure  of  30  urn,  which  even  with  the  relatively  large 
core  fib»-es  («'85  urn)  favoured  for  many  applications  leads  to  a high  insertion  loss. 

However,  it  will  also  be  obvious  that  this  will  be  a very  rare  occurence,  since  random  selection  of 
components  will  lead  to  better  individual  fits,  and  the  equally  random  orientation  of  the  contributing 
eccentricities  will  cause  some  degree  of  self  cancelling.  Thus,  it  is  apparently  impossible  to  predict 
an  individual  connector  performance  even  with  a calibrated  set  of  components.  However  it  is  possible  to 
define  confidence  levels  for  achieving  a desired  optical  specification. 

This  is  achieved  by  regarding  the  six  contributing  eccentricities  as  a system  of  rotating  vectors,  each 
with  its  own  angular  velocity  and  initially  considered  to  have  the  maximum  permitted  value,  ie.  5 urn. 

By  calculating  the  value  of  the  resultant  at  a sufficient  number  of  random  instants  in  time,  a 
probability  distribution  can  be  built  up,  from  which  the  confidence  levels  are  determined.  Figure  2 
demonstrates  the  result  of  this  procedure,  along  with  the  corresponding  curve  for  a smaller  number  of 
vectors. 

Two  conclusions  can  be  drawn  from  these  predictions;  firstly  that  a high  confidence  level  can  be 
attributed  to  achieving  a relatively  low  nett  fibre  misalignment;  and  secondly  that  reducing  the  number 
of  sources  of  error  does  not  reduce  the  resultant  by  an  equivalent  proportion  as  is  illustrated  by  the 
2 vector  curve  in  figure  2.  The  effect  of  a random  selection  of  tolerances  can  also  be  evaluated,  since 
it  has  been  found  that,  whilst  those  eccentricities  caused  by  unavoidable  clearances  have  average  values 

equal  to  their  arithmetic  mean,  the  eccentricity  of  the  jewel  hole  within  the  ferrule  exnibits  an  average 

very  close  to  its  maximum,  due  to  the  extreme  difficulty  of  achieving  low  values.  Thus,  these  two 
eccentricities  (one  for  each  ferrule)  predominate  and  at  best  the  system  will  only  revert  to  the  2 vector 
curve.  The  actual  distribution  will  lie  between  the  two,  and  the  curve  most  likely  to  be  obtained  from 

random  selection  of  components  has  been  included  in  figure  2. 

In  addition  to  fibre  misalignment,  other  losses  are  caused  by  separation  of  the  fibres  due  to  Inclination 
of  the  ferrules  within  the  clearance  in  the  bore,  and  to  Fresnel  reflections,  the  latter  typically 
adding  a fixed  0.45d8  for  glass  fibres  without  index  matching. 

A considerable  number  of  single  way  connectors  have  been  built  in  the  last  few  months,  and  the  losses 

obtained  between  a small  number  of  85  urn  test  fibres  have  been  measured  as  an  Inspection  procedure. 

These  results  have  been  plotted  as  a histogram  in  figure  3,  together  with  the  theoretical  predictions 

obtained  from  figure  2,  including  an  allowance  for  Fresnel  reflections. 

5.  PRACTICAL  COMPONENTS. 


Figure  4 represents  a schematic  layout  of  typical  multichannel  data  links  that  have  been  supplied  for 
evaluation  purposes.  Admittedly  this  may  not  represent  the  optimum  solution  in  many  instances,  but  it  does 
demonstrate  the  need  for  various  interconnection  components. 

In  particular,  each  end  of  the  multichannel  cable  is  terminated  with  a panel  mounted  connector,  which 
also  serves  as  a convenient  Junction  box  between  the  cable  and  the  individual  fibre  tails  leading  to 


discrete  transmitter  and  receiver  modules.  Depending  on  the  length  of  the  link  and  the  physical  layout, 
there  may  be  a requirement  for  free  connectors  within  the  length  of  the  cable. 

Inside  the  terminal  units,  single  way  connectors  are  provided  as  internal  maintenance  Joints,  and  finally 
each  fibre  can  be  disconnected  from  its  corresponding  source  or  detector  package.  Strictly  speaking,  there 
is  no  need  for  both  these  joints  and  there  is  some  controversy  as  to  whether  devices  should  incorporate 
permanently  attached  fibre  tails  in  order  to  eliminate  the  additional  loss.  However,  permanently  attached 
fibres  pose  an  additional  and  unnecessary  hazard  to  the  survival  of  an  expensive  device,  and  the 
alternative  solution  of  eliminating  the  single  way  maintenance  connector  is  preferable  if  both  joints 
cannot  be  tolerated. 

5.1  Multiway  Connectors. 

These  connectors,  the  first  of  the  range  to  be  developed  by  ITT,  have  been  based  on  the  PVX  pattern  602 
miniature  circular  LF  connectors  of  ITT  Cannon,  Basingstoke,  and  are  currently  offered  in  either  4 or  8 
way  versions.  The  conventional  electrical  pin  and  sockets  have  been  replaced  by  externally  compatible 
optical  contacts,  internally  modified  to  provide  the  necessary  alignment  facilities.  Figure  5 shows  a 
sectioned  view  of  one  mated  pair  of  contacts,  illustrating  the  alignment  principle  of  the  jewelled 
ferrules  and  precision  bore.  One  of  the  ferrules  is  allowed  axial  freedom  under  spring  pressure  in  order 
to  eliminate  tolerancing  problems. 

This  type  of  connector  is  particularly  suitable  for  use  with  cables  of  a circular  construction  employing  a 
central  strength  member,  and  provision  is  made  for  securing  this  mechanically  to  an  extension  tube  fitted 
to  the  rear  of  the  connector  body. 

5.2  Single  May  Connectors. 

As  discussed  earlier,  many  single  way  connector  applications  are  envisaged  as  internal  maintenance  joints, 
and  as  such  the  mechanical  and  environmental  requirements  are  less  severe.  A prime  requirement  however,  is 
that  the  connector  should  be  small  and  light  weight,  compatible  in  fact  with  individual  fibres  protected 
only  with  a thin  plastic  coating.  Some  degree  of  environmental  protection  is  required,  but  only  as  far  as 
protecting  the  optical  Interface  from  the  Ingress  of  dirt  and  moisture. 

The  design  of  a single  way  connector  to  these  requirements  has  enabled  a considerable  degree  of 
compatibility  to  be  achieved  with  device  packages,  which  has  considerable  advantages  for  the  user  by  allow- 
ing flexibility  of  Installation  and  testing.  Thus  it  is  not  by  chance  that  the  devices  have  very  similar 
external  appearances. 

Figure  6 illustrates  the  single  way  connector,  showing  the  alignment  principle  which  is  similar  to  the 
multiversion,  except  that  the  precision  bore  is  allowed  to  'float'  between  the  two  identical  terminations. 
Two  'O'  rings  provide  a degree  of  sealing  and  help  to  minimise  vibration  effects. 

5.3  Device  Connec tors. 


The  layout  of  the  pulsed  laser  assembly  is  very  similar  to  the  single  way  connector  (figure  7)  with  many 
components  being  conmon  to  both. 

The  major  difference  is  that  one  of  the  terminations  has  been  replaced  by  a flanged  ferrule  containing  a 
short  fibre  terminated  at  both  ends  in  watch  jewels.  This  provides  an  optical  window  which  enables  good 
collecting  efficiency  to  be  maintained,  whilst  isolating  the  semiconductor  from  the  outside  world.  Since 
epoxy  resin  is  used  in  the  construction  of  this  device,  it  cannot  be  claimed  that  the  seal  is  truy  hermetic, 
but  it  is  considered  adequate  for  many  existing  applications. However,  Investigations  are  being  carried  out 
into  other  techniques  which  will  achieve  a hermetic  seal. 
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The  short  flanged  ferrule  now  represents  one  half  of  a single  way  connector,  and  is  aligned  with  a 
demountable  fibre  termination  in  the  same  manner.  Pulsed  double  heterostructure  lasers  are  currently 
being  made  which  will  typically  launch  lOOmU  peak  power  into  an  85  urn  fibre,  with  a maximum  duty 
cycle  of  10*.  These  same  devices  can  be  operated  continuously  below  threshold  as  LEDs,  launching  50uH 
mean  power  with  100mA  forward  current. 

Pulsed  laser  assemblies  currently  exhibit  limited  lives  measured  in  terms  of  a few  hundred  hours. 

However,  CU  lasers  have  been  developed  which  promise  to  extend  this  to  in  excess  of  10,000  hours,  and 
modifications  are  underway  to  permit  these  to  be  fitted  in  the  same  package.  The  major  requirement  is 
the  need  for  a rear  window  to  permit  optical  feedback,  which  is  necessary  to  stabilize  the  working 
point  of  this  device  against  long  term  drift. 

Detectors,  both  Pin  and  Avalanche,  have  been  fitted  into  the  same  outline  package,  with  minor  modifications. 
In  particular,  the  inside  surface  of  the  short  fibre  window  is  cleaved,  and  allowed  to  protrude  thus 
enabling  very  close  coupling  to  be  achieved  to  small,  very  fast  devices.  Typical  sensitivities  achieved 
have  been  in  the  range  0.3  - 0.4  A/W  depending  on  the  actual  detector  used.  With  the  larger  devices, 
the  possibility  has  arisen  of  using  a large  core  fibre  ("150  urn)  as  the  optical  window,  which  permits 
better  coupling  with  the  free  fibre,  without  sacrificing  coupling  efficiency  at  the  detector. 

6.  BACK-UP  FACILITIES. 


With  any  new  technology,  it  is  essential  to  provide  the  potential  user  with  back-up  services  and  equipment. 
Terminating  optical  cables  is  not  yet  as  simple  as  is  desirable,  but  it  can  be  achieved  by  a competant 
technician  give  the  correct  facilities  and  a small  amount  of  training. 

ITT  have  attempted  to  satisfy  this  need  by  offering  packaged  termination  kits,  together  with  one  day 
training  courses  during  which  practical  experience  is  obtained.  The  termination  kit  includes,  as  an 
optional  extra,  a portable  microscope,  complete  with  incident  illumination  and  a dry  battery  pack.  The 
microscope  has  been  specifically  designed  to  accept  ITT  ferrules,  but  will  accommodate  others  of  the  same 
overall  diameter.  While  not  to  the  same  standard  as  a laboratory  instrunent,  a magnification  of  x 150  and 
a field  of  view  of  Inm  makes  this  a useful  tool  for  both  single  fibre  and  bundle  servicing. 

7.  CONCLUSION. 

ITT  have  developed  a range  of  optical  connectors  and  terminal  devices  which  will  satisfy  many  existing 
requirements  and  whose  performance  is  not  too  far  removed  from  theoretical  predictions  (fig. 3).  Naturally, 
development  is  continuing  in  order  to  improve  optical  performance  and  environmental  properties,  but  only 
by  receiving  feedback  from  a substantial  number  of  first  generation  applications  can  sufficient 
information  be  obtained  to  design  products  which  meet  the  necessary  specification. 


FERRULE  BODY 


Fig.t  Jewelled  ferrule  termination 


Fig.  2 Fibre  misalignment  distribution 


Fig. 7 Pulse  laser  package 
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HOLOGRAPHIC  ELEMENTS  FOR  PRACTICAL  FIBER  BUNDLE  COUPLERS 
O.D.D.  Soares,  A.M.P.P.  Leite,  E.  A.  Ash 

Dr.  H.  J.  Frankena:  How  can  you,  using  normal  holograms,  attain  a 100%  efficiency  for 
the  image-forming  beams?  Is  the  system  sensitive  for  lateral  dispositions  in  the 
case  that  the  fibre  ends  are  irregular? 

Dr.  Leite:  High  efficiencies  are  only  to  be  obtained  using  thick  phase  holograms.  The 
holograms  are  "adapted”  to  the  fields  radiated  by  the  fibres;  as  long  as  the 
recording  and  reconstruction  field  are  the  same,  after  traversing  the  first 
hologram  there  will  be  a quasi-plane-wave  in  all  cases. 


AN  OPTICAL  FIBER  MULTITERMINAL  DATA  SYSTEM 
J.  G.  Farrington,  M.  Chown 

Dr.  R.  S.  Hopkins:  (1)  Please  give  any  information  on  error  rate,  especially  the 

design  assumptions  about  noise  in  the  transmission  link  which  guided  your  choice 
of  the  type  of  redundant  codes  used.  (2)  Would  the  simple  input  circuit  to  the 
comparator  receiver  be  vulnerable  to  unequal  rise  and  fall  times  of  the  pulses? 

Dr.  Farrington:  (1)  Because  the  trade-off  between  signal  to  noise  ratio  and  error  rate 
is  very  sharp,  with  a system  naving  a reasonable  safety  margin  in  the  power  budget, 
error  rates  should  be  so  low  as  to  be  unmeasurable.  The  use  of  redundant  coding 
is  principly  to  ensure  that  valid  address  codes  cannot  be  recognized  in  data 
messages.  (2)  Unequal  rise  and  fall  times  would  have  the  effect  of  slightly 
increasing  error  rates,  but  if  these  are  already  very  low  this  probably  doesn’t 
matter.  Unequal  rise  and  fall  times  due  to  photodiode  imperfections  should  not 
have  an  effect  on  the  time  rates  involved  in  most  avionic  applications. 

Dr.  Steve  Brandt:  The  paper  concludes  that  "to  make  the  best  use  of  the  optical  fibres, 

data  bus  systems  should  be  designed  to  take  advantage  of  the  particular  opportunities 
offered  [by  optical  fiber  technology] , and  this  will  not  be  the  case  if  networks 
are  designed  for  electrical  and  then  converted  to  optical."  It  appears,  however, 
that  the  network  under  construction  was  indeed  designed  for  or  patterned  after 
electrical  (MIL-STD-1553A,  Manchester  Bi-phase  Coding  converted  to  optical,  fixed 
length  message)  and  that  no  attempt  was  made  to  take  advantage  of  the  particular 
opportunities  offered  by  optical  fiber  technology,  such  as  higher  data  signaling 
rates  than  possible  with  shielded-twisted-pair  wire  (>10  MHz)  or  low  crosstalk 
between  adjacent  parallel  conductors. 

Dr.  Farrington:  The  system  was  the  result  of  an  attempt  to  re-think  the  requirements 
of  an  avionic  data  bus,  but  starting  with  the  use  of  optical  fibres.  No  attempt 
was  made  to  use  any  specific  properties  of  the  fibre  for  example  very  high  bandwidth, 
but  rather  the  system  was  designed  around  a best  estimate  of  existing  requirements, 
(i.e.  <10  MHz).  The  system  does  in  fact  differ  in  several  important  ways  from 
MIL-STD-1553A  and  was  not  based  on  this  standard.  Extra  bendwidth  has  been  used 
to  simplify  the  system  design  instead  of  offering  higher  data  rates. 


FIBER  OPTICS  INTERCONNECTION  COMPONENTS 
J.  D.  Archer 

Dr.  R.  B.  Dyott:  I would  like  to  suggest  a possibly  more  precise  method  of  locating 
the  fiber  than  by  using  jewels  with  a range  of  discrete  bore  sizes.  If  a large 
glass  or  silica  tube  is  first  accurately  ground  and  polished  to  size  and  then 
pulled  down  to  a much  smaller  diameter,  the  bore  can  be  made  to  fit  the  fiber 
exactly;  the  radio  of  outer  to  inner  diameters  being  maintained  accurately 
during  the  drawing  process. 

Dr.  Archer:  This  principle  is  being  used  by  STL  in  a slightly  different  form.  However, 
the  overwhelming  advantage  of  the  watch  jewel  is  that  it  is  readily  available, 
cheap  (approx  lOp)  and  highly  accurate.  At  the  moment  there  does  appear  to  be 
some  difficulty  in  controlling  fibre  geometry,  and  the  slightly  reduced  insertion 
loss  of  your  suggestion  has  to  be  weighed  against  the  disadvantage  of  selecting 
to  suit  a particular  size.  However  I very  much  appreciate  your  suggestion. 

Dr.  0.  A.  Kahn:  Have  any  tests  of  your  demonstrable  connector  been  carried  out  in 
non- laboratory , i.e.  unclean  environments  and  what  use  the  results  if  so. 

Dr.  Archer:  The  honest  answer  to  your  question  is  No  in  a controlled  sense.  However, 

feedback  has  been  received  from  various  customers  with  generally  favorable  comments. 
Our  own  exhibition  displays  have  suffered  minor  Increases  in  insertion  losses,  but 
these  have  been  recovered  by  simple  cleaning  technique,  e.g.  cleaning  with  aerosol 
degreaser. 

In  fact  degradation  by  dust  does  not  appear  to  be  as  severe  as  might  be  expected.  Of 
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Summary  of  Session  VI 
COUPLERS 
by 

Prof.  P.  F.  Checcacci 

Connectors  and  couplers  are  key  components  of  an  operational  optical  system,  especially 
the  first  ones.  Any  operational  system  requires,  for  installation  and  maintenance,  a 
number  of  fixed  and  movable  connections.  It  is  also  well  known  from  the  past,  that  the 
realibility  of  electronic  equipments  is  largely  influenced  by  connectors. 

In  the  section  of  the  conference  dedicated  to  this  subject,  papers  were  presented 
describing  operational  connectors  with  some  ancillary  tools  for  assembling  it  with 
the  optical  cable.  This  indicates  that  the  development  stage  is  well  advanced.  Of 
course  only  after  some  operation  time  we  can  gain  confidence  in  such  solutions  and 
experience  for  future  development.  Splicing  techniques  for  long  distance  optical 
cable  at  present  under  evaluation  were  also  presented.  In  this  case  the  main  problem 
is  to  develop  techniques  suitable  for  field  use  by  the  existing  skilled  cable  laying 
personnel . 

A well  promising  coupling  technique  for  connecting  fiber  to  fiber  and  fiber  to  source 
or  to  detector  by  means  of  a matching  hologram  was  also  described.  This  was  at  the 
experimental  stage  and  needs  further  development. 

In  the  field  of  coupler,  used  largely  as  branch  in  the  optical  data  bus  line,  a number 
of  simple  T or  X branch  was  described  either  using  transparent  bulk  material  or  using 
integrated  optics  technique.  All  of  these  couplers  are  substantially  a crude  power 
divider  and  do  not  use  technique  similar  to  those  applied  in  millimeter  waveguide 
couplers.  Perhaps  future  monomode  fibers  will  allow  to  use  such  well  known  waveguide 
technique . 

Variable  couplers  using  perturbation  on  the  main  optical  conductor  to  provide  leakage 
were  also  described,  as  well  as  those  using  more  simple  power  splitting  by  offset  of 
the  main  optical  conductor.  Both  are  at  present  in  the  experimental  stage. 

In  conclusion  it  seems  that  the  field  although  being  still  open,  exhibits  a substantial 
amount  of  devices  which,  overcome  the  development  stage,  are  now  in  evaluation  in 
operational  systems.  It  is  expected  to  have  soon  some  results  of  the  realibility  of 
such  components. 
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